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INTRODUCTION AND STATEMENT OF THE PROBLEM 
Plant tissues can be killed by raising their temperature to lethal 
levels. This phenomenon is the principle of the flame weeder. When 
plant tissues are exposed to high temperatures for short periods of 
Lime, enough heat is absorbed by the foliage to result in death by 
thermal destruction. 
1 
Edwards (1) traced the history of flame weeding and found a patent 
granted in 1852. He found that the methods and equipment used today 
were developed by many researchers and inventors; in the years from 1930 
to 1960 many improvements were achieved. Figure 1 shows a commercially 
available flame weeder. The fuel most commonly used is liquid propane 
(hereafter called LP-gas) but fuel oil and kerosene have also been used. 
The LP-gas passes from the fuel tank of the flamer, through a pressure 
regulator, to a vaporizer. The vaporizer usually consists of a chamber 
that forms the upper surface of the burner. Heat from the flame is con­
ducted into the chamber and supplies the latent heat needed to vaporize 
the fuel. Under certain conditions of pressure and temperature, a mixture 
of liquid and vapor may enter the vaporizer; this is normally the case 
when the weather is warm and the fuel flow-rate not very high. The burners 
can be adjusted to project the flame in any desired direction. 
Unless dry plant tissue is present, no noticeable combustion occurs 
during flame weeding. A short time after the flame is applied to the 
^Numbers in parentheses refer to the bibliography given on page 183. 
Figure 1. Commercially available flame weeder showing burners projecting 
flame into crop row. 
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plants, the Lhermaliy injured tissues lose their turgidity and assume 
a cooked appearance. A popular field test, used to determine if the 
leaves of a plant have been killed, is to press the leaf between the 
thumb and forefinger; if an imprint is made on the leaf, thermal death 
has occurred. Stems of plants also lose their turgidity when thermally 
injured; this is normally seen in weed seedlings because the stems of 
more mature plants are usually too thick to be injured by heating during 
normal flame weeding. The loss in leaf turgidity is not always obvious 
in corn because of the relatively thick midrib which acts as a supporting 
structure for the leaf. The signs of thermal injury appear within a few 
seconds after a very severe exposure to heat but may take hours to appear 
after slight exposures. 
Flaming as a means of weed control has the following characteristics; 
(1) Its effects can be immediately seen. 
(2) No plants are resistant to heat injury. 
(3) Flaming leaves no harmful residues on plants or in the soil. 
(4) Flaming poses no danger to nearby crops or other vegetation. 
(5) Flaming is safe for the operator. 
(6) Flame weeding is not as weather-dependent as other methods 
of weed control. 
The.se characteristics should make flame weeding an ideal means of weed 
control but, despite its potential usefulness, flaming has not been suc­
cessfully used as a principal weed-control measure. For example, flame 
weeding has not competed successfully with chemical herbicides even for 
specialized applications„ 
4 
Previous Investigations 
Iowa State University research 
In recent years, much research has been performed on the cultural 
aspects of flame weeding using commercially available machines similar 
to that shown in Figure 1. The results of the 1965 flame weeding re­
search at Iowa State University (2) showed that flaming, when carried 
out carefully under good weather and field conditions, produced no sig­
nificant reduction in the yields of corn or soybeans. Significant re­
ductions in plant population were observed in both corn and soybeans that 
had been flamed. Since some treatments involved weed control by flaming 
alone, the first flaming was done when the corn was 7 to 8 in. high and 
the soybeans were 6 in. high. To keep crop damage to a minimum, the gas 
pressure used was 18 psi. and the forward speed was 5 mph. Under these 
conditions it was necessary to exercise extreme care in operating the 
equipment — steering had to be accurate, machine settings carefully 
selected and windy conditions avoided. More than a normal amount of 
operator care and skill was required. 
Flaming row middles No attempts were made to flame the middles 
between the rows during the 1965 program at Iowa State University. Re­
searchers at Mississippi Agricultural Experiment Station (3) have de­
scribed middle flamers and tentatively recommended their use in cotton. 
Liljedahl et al. (4) reported that middle flaming with commercially avail­
able hovers did not control weeds effectively and caused increased flam­
ing damage to the crop. They concluded from two years research with corn, 
that full flaming was unsatisfactory because yields were markedly reduced 
5 
in all cases. Similar experiences were reported by Longnecker.^ Al­
ternative means (such as chemical or mechanical treatments) are recom­
mended by almost all researchers. 
Height of crop at first flaming Several researchers and others 
with experience of flame weeding have commented on the stage of growth at 
which it was permissible to start flaming. Experimental results indicate 
that corn should not be flamed until it is about 12 in. high (4). Soy­
beans should not be flamed until at least 8 in. high and then only at 
high forward speeds, which made the operation less effective (5). Field 
2 
experience confirms these findings in the Iowa region . Since the first 
flaming must be delayed to avoid damage to the crops, chemical and mechani­
cal weed control measures must supplement a flaming program until flame 
treatments may be safely applied. 
Ground surface conditions The necessity to have smooth soil sur­
faces in the flamed area has been emphasized by many workers. Liljedahl 
et al. (6) showed, in laboratory experiments, that a rough soil surface 
caused an upward deflection of the flame and they concluded that steps 
should be taken to ensure a smooth soil surface under field conditions. 
Carter e^ al. (7) showed photographically that the flame was deflected 
upward into the crop foliage by a ridge. Parks (8) recognized the 
potentially adverse effects of clods on the soil surface. Thomas (9) 
^Longnecker, T. Little Rock, Arkansas. AFCO Flame Weeders. Private 
communication. 1965. 
2 
Lewis, John, Des Moines, Iowa. Flame weeding in Iowa. Private com­
munications 1965, 1966. 
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also pointed out the need for a smooth seed bed. Knake e^ a^. (5) on 
the other hand, contend that the concept of a smooth seed bed is out of 
keeping with the modern trend to minimum tillage. Buchele's concept of 
continuous corn on ridges (10) also eliminates the possibility of a 
smooth seed bed. 
Rotary hoeing has been suggested as a suitable method for leveling 
an unsmooth seed bed (11) and, while it may be effective in some cases, 
weather or other conditions may not always permit rotary hoeing. There­
fore some method, other than leveling the seed bed after planting, must 
be found to offset the adverse effects of clods and ridges. 
Steering characteristics and wind effects Inaccuracies in steer­
ing were the cause of some o£ the reduction in plant population reported 
by Lalor and Buchele (2). Liljedahl e_t al. (4) reported that damage was 
caused to the crop by middle hovers when they were used while flaming the 
row middles. This trouble was evidently also attributable to steering 
inaccuracies since it was most frequent at high speeds and on hillsides. 
(The authors did not state this conclusion specifically.) 
Parker e^ aj^. (12) recognized that the wind may have affected their 
field experiments to determine the temperature in the row and Lalor and 
Buchele (2) saw definite evidence of the harmful effects of wind in their 
experiments. The problem was most serious at the time of the first 
flaming. Parks (8) also mentions the possible effect of wind. A workable 
system of flaming must be insensitive to wind conditions. 
Operator requirements Fitzgerald (13, p. 5) stated that: "Flaming 
is a precise, finely balanced operation and cannot be used by every hired 
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hand who comes along." He also considered that flaming was only a sup­
plement to other methods and should not be thought of as a generally 
usable method of weed control. This opinion is shared by many outside 
the gas industry. The belief that flaming is an emergency measure, when 
the weather prevents other methods of weed control or when the crop is 
beyond saving with normal methods, is also common. Larson (14) reported 
a survey of farmers in Kansas which showed that flame weeding was not 
widely used and, though many reasons were given, its lack of use was 
probably attributable to a lack of confidence in the method. This was 
often due as much to ignorance as to any defects in flaming as a weed 
control measure. 
From the foregoing review of the state of the art of flame weeding, 
it may be concluded that the principle is good but that the equipment 
and techniques for applying it are unsatisfactory. Most of the research 
carried out in recent years has examined the different cultural practices 
into which flame weeding might fit. No systematic attempts to improve 
the equipment used in flame weeding have been reported during the past 10 
years. Because of this and because so much relatively fruitless research 
has been performed on the cultural aspects of flame weeding using unsatis­
factory methods, the decision was made to design and develop better flame-
weeding equipment. The machine that resulted is called the 'Air-curtain 
Flamer' and this dissertation deals with its design, development and test­
ing. 
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Design and Development of the Air-Curtain Flamer 
ObjucLivuH ol' ru'W design 
The objectives to be realized in designing the new flamer were: 
(1) Insensitivity to ground surface conditions. 
(2) Insensitivity to wind conditions. 
(3) Selectivity - application of heat to the weeds-zone 
and not to the crop-zone. 
(4) Successful flaming in small crops. 
(5) Successful control of the weeds in the middles between 
the rows. 
(6) Good steerability. 
Discussion of objectives 
The first four objectives are related to obtaining good control over 
the flame with the ability to direct it to where the weeds are located 
thus achieving a selective flaming operation. The selectivity of a flam­
ing operation is based on the assumption that the crop plants are suf­
ficiently well separated from the weeds to allow weeds to be flamed with 
only inconsequential damage to the crop. Weeds growing in the middle 
between the rows present no difficulties in this respect. It is with 
those weeds growing in a region extending 5 to 6 in. on each side of the 
row that this research is most concerned since they are not as clearly 
separated from the crop plants as those in the row middle. Lien and 
Liljedahl (15) stated that the crop plants should be at least three times 
as big as the weeds if acceptable weed control were to be achieved with 
the commercially available equipment they used. This statement was made 
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on the assumption that flaming operations were begun when corn was 12 in. 
high. The size differential requirement would be still more restrictive 
for smaller crops. The selectivity of the air-curtain weeder is also 
based on a height differential between weeds and crop but the require­
ments are less restrictive. The new flamer was thus designed on the as­
sumption that the crop would be taller than the weeds and that the flame 
could be kept in the region where the weeds were located. 
Keeping the flame near the ground, in the region where the weeds 
were located, automatically achieved insensitivity to soil surface condi­
tions known to cause upward bounce of the flame. It was hoped that pre­
vention of the harmful effects of the wind would also be achieved when 
the flame could be kept below some barrier since this barrier would shield 
the flame from the wind. The sixth of the design objectives, that of 
good steerability, was provided for by mounting the flamer on the front 
rather than on the rear of the tractor. This provided the operator a 
good view of the work and eliminated the swing-out associated with rear-
mounted equipment. The swing-out tendency was replaced by a tendency to 
over-steer which is more easily controlled. 
Principle of the air-curtain 
The use of air-curtains as heat barriers is well established. They 
have been used to insulate cold-storages while the door is left open for 
traffic. They have been installed in department stores to prevent heat 
loss through doors left open for traffic- Heat and objectionable fumes 
from tanks of molten metal in foundries have been prevented from polluting 
the air in the work area by use of air-curtains across the top of the tank 
10 
(16). 
Ati air-curtaiii consists of a stream of air coming from a long narrow 
slot located, for example, at one side of a doorway or -along one side of 
a tank. On the opposite side of the doorway or tank is located a second 
slot into which the airstream from the issuing slot is sucked. The air 
in motion between the two slots constitutes an air-curtain. It has the 
advantage that people and vehicles can pass through the doorway or metal 
can be removed from the tank while the heat and fume barrier is still 
maintained. The motion of the air in the air-curtain is sufficiently 
fast that hot gases entrained on one side of the curtain do not have 
enough time to diffuse through to the other side before they are drawn 
into the receiving slot. 
The air-curtain as used in a flame weeder A modified form of the 
conventional air-curtain was used in the new flame weeder. Instead of a 
receiving slot into which the air-curtain was sucked, a slot from which 
a second stream of air blew was used. Thus the air-curtain as used 
in the flamer, consisted of two jets of air coming from slots located on 
opposite sides of the crop row. The slots were 24 in. long and 3/8 in. 
wide. They were parallel to the row and 5 in. distant from it on each 
side. The jets comprising the air-curtain were directed 10° upward from 
the horizontal and their height above the ground could be varied. Pre­
vious work with the theory and application of air-curtains suggested 
the 10° upward inclination (16, 17). The two jets of the curtain met 
half way between the slots (i.e. at the nominal position of the row) and 
vertically upward and downward airstreams resulted. Figures 2 and 3 show 
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y j  vv i 
air curtain J middle cover. 
Figure 2. Front view of air-curtain flamer showing one crop row. 
r: 
airJ crop^ side-i middle-^ 
curtain row/ burner burner 
Figure 3. Plan view of air-curtain flamer showing burners and one 
crop row. 
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the arraaj^ement schematically. 
Tractor mounting The machine was front-mounted to improve the 
steering characteristics. Mounting was by means of a parallel linkage 
operated by a hydraulic cylinder which enabled the machine height to be 
controlled and permitted the entire machine to be raised clear of the 
ground at the headlands. It was found necessary to provide a gage-wheel 
to counteract the tendency of the flamer to bounce with the tractor at 
high speeds on hard ground. The two top links of the mounting linkage 
were replaced by chains which were slack when the gage-wheel contacted 
the ground. This ensured that the air-curtain was kept at a constant, 
easily adjustable height from the ground and that the machine followed 
the ground contours. The general arrangement of the machine is shown in 
Figure 4. 
Air supply Air for the air-curtain was supplied from a centrifu­
gal fan driven by a gasoline motor. The air from the fan entered a hori­
zontal duct from which vertical ducts lead downward to the air-curtain 
slots. To prevent heat damage to the tractor, exhaust ducts were in­
stalled behind the region covered by the air-curtain. They performed 
satisfactorily and consisted of vertical ducts leading upward to a hori­
zontal duct, open at each end, from which the hot gases escaped above the 
level of the crop leaves. 
Middle covers The region in the row middle was covered by a 
sheet of steel. This sheet was adjustable in height with respect to the 
rest oL the machine; i.e., it could be moved upward close to the air-
fan motor 
I I r* s&wysw J ' Mi / I » I J I 
horizontal 
air duct 3 
vertical 
air duct pivot point 
parking—| 
support 
exhaust— r 
^1 
exhausts i 
deflector 
air-curtain flame burner 
-crop 
row 
-gage 
wheel 
middle 
cover 
CO 
Figure 4. Side view of air-curtain flamer. 
curtain or downward closer to the ground. The sheet was 24 in. long by 
20. ill. wide. Thus there remained a 10-inch wide strip, containing the 
crop row, between the middle covers in adjacent rows. The air-curtain 
extended across this strip. 
Air-curtain slots The slots from which the air jets for the cur­
tain blew were attached, in an easily removable fashion, to the downward 
air ducts. Thus several slots, with different angles of jet inclination 
to the horizontal, could be used as the condition demanded. The width 
of the slot could be varied up to 1 in. 
Arrangement of the burners Commercially available AFCO and Gotcher 
burners were used in the air-curtain flamer. Three burners were placed 
between each two crop rows - an AFCO junior burner in the center of the 
middle and a standard Gotcher burner at each side. The adjustment of the 
burners will be described later but they were always arranged so that 
they allowed the 10-inch clear space between the middle covers to be main­
tained. The steering accuracy demanded of the driver was, therefore, that 
he should keep within 5 in. on either side of a line containing the crop 
row. This was found to be possible. 
Et: feet of varying the air-curtain parameters 
The flame was projected into the space between the air-curtain and 
the ground from the burners positioned in front of the middle cover and 
pointing backwards. In most cases, the burners were turned slightly in­
wards towards the row and pointed downwards to the ground at some angle. 
Nevertheless, the motion of the gas in the flame was approximately at 
right angles to that of the air in the air-curtain. Since the two jets 
comprising the air-curtain blew against one another, resultant upward and 
downward streams of air were created. These vertical air streams existed 
in the immediate region of the crop row. 
This arrangement had two results. Firstly, the upward resulting air 
stream tended to lift the leaves of the crop out of the heated region and, 
secondly, the downward air stream tended to keep the flame from penetrating 
into the lower part of the row. The magnitude of these two effects could 
be varied by varying the air pressure in the supply to the air curtain, 
the angle of inclination of the air curtain jets to the horizontal, the 
gas pressure and the angle at which the burners were turned in towards 
the row. Increasing the supply of air in the air curtain resulted in a 
"stronger" downward blast when the two streams met and this kept an area 
between the flames cool. By tilting the jets upward through a greater 
angle, the upward stream became larger and the downward stream became 
smaller thus allowing the flames to merge and heat the row area. In­
creasing the gas pressure caused a stronger flame which penetrated the 
row more easily and turning the burners inward toward the row had a simi­
lar effect. 
Provision of test crops Corn and soybeans were used to test the 
air-curtain flamer. Four plantings of each crop were made, the last one 
being toward the end of June. This gave a supply of corn and beans in 
all stages of growth until about the end of July and several design im­
provements were recognized, made and tested while crops were still avail­
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able. 
D'ianilufi in small crops Flaming was first carried out when the 
crops were about 4 in. high. For the first flaming, the burners were 
set parallel to the row and the air supply to the air curtain adjusted 
so that there was no damage to the crop plants. In this way, the row 
middles could be safely and effectively flamed without fear of damaging 
the crop. A strip 6 to 8 in. wide containing the crop row remained un-
flamed. When the plants reached a height of 6 to 8 in., the burners were 
turned in towards the row and the air pressure adjusted to allow flaming 
of the area in the row and, at the same time, prevent damage to the crop. 
This treatment did not always kill all the weeds in the row, but it did 
check them so that they were easily killed with a future flaming. 
Flaming crops over 10 to 12 in. high Once a crop was 10 to 12 in. 
high, it was flamed almost at will at the forward speed and gas pressure 
necessary to give satisfactory control of weeds. For these later flamings, 
where the flame penetrated the area in the row, a suitable compromise 
had to be chosen between raising the air-curtain sufficiently high to 
kill all the weeds and keeping the curtain sufficiently low to prevent 
crop damage. As a result, some slight damage to the crop resulted and 
some weeds were not killed. These weeds were the same height as the crop 
and in some cases, higher and were not noticeably checked. No weed counts 
were made but the weed infestation, as a result of weeds too tall to be 
killed, was not considered serious and was well within the limits of good 
farming practice. Also, the crops were grown on the same ground as the 
17 
i9bl3 1 l.'uniiijj, axpc.rimciiLs and weed-seed infestation was particularly high 
in patches that had contained weedy plots in 1965. 
Flaming crops heavily infested with grass The first planting of 
corn should have been flamed earlier than it was. The flaming was de­
layed because the machine was not ready. As a result, the grass infesta­
tion was severe in spite of one sweep cultivation at the 8-inch height. 
The crop had not been rotary hoed. When the crop was 16 to 18 in. high, 
the first flaming was done and good control of the grass was accomplished. 
The crop was flamed twice - once at 2 mph. and 40 psi. gas pressure and 
the second time at 3 mph. and 40 psi. The height of the air curtain was 
set at about 7 in. and the burners were pointed downwards and inward to 
get good penetration of the dense grass. No damage to the crop resulted 
above the air-curtain height. Some browning of the stalks occurred be­
low this height. Tall broad-leaf weeds were also checked by this treat­
ment. The second flaming was applied two days after the first. 
Effect of wind The effect of wind on the flaming operation was 
almost negligible. Even in 4-inch high crops, flaming was done without 
regard to wind conditions. In some instances, it was noted a few days 
after flaming that some burning of the crop had taken place. This was so 
slight that it escaped notice the day the flaming was done and occurred 
when the machine traveled with a tail-wind. No lasting effects of this 
crop damage were seen but it could be considered undesirable from the ap­
pearance point of view. The wind effect will be discussed further in 
connection with temperature measurements. 
Middle £ laming D'laming gave good weed control in the row middles. 
No future difficulties were envisaged in this connection-
Crop yields No formal experiments were performed to determine 
any of the effects of flaming either on the crop or on the weeds. This 
was because the developmental aspects of the program prevented any such 
procedure. Estimates of the yield of corn and soybeans, for the first 
two plantings, were obtained by harvesting a known number of rows of 
each and weighing the yield. The area harvested in each case was between 
1 ac. and 1.5 ac. The corn yielded 140 bu./ac. corrected to 15.5% 
moisture and the beans yielded 37 bu./ac. at approximately 12% moisture. 
The later sowings were so retarded because of the planting data that they 
were late in maturing and were eventually used for class purposes and no 
yields are available. In the case of soybeans, losses from cutter bar-
shatter and failure to collect all the pods were less than those observed 
where a ridge existed in the row as a result of sweep cultivation. 
Mechanical and chemical treatments Some of the plantings were 
rotary hoed to facilitate emergence. The first planting of corn was 
sweep cultivated once since the flamer was not ready for use in time. No 
chemicals were used on any of the crops. The rotary hoed plots showed an 
advantage in that the rotary hoeing checked the weed growth and provided 
a greater size differential between the crop and the weeds. 
Conclusions from preliminary testing 
(I) Effective control of the flaming operation was achieved by the 
use of an air-curtain. 
(2) Corn and soybeans were safely and effectively flamed when 
4 in. high. 
(3) Effective control of weeds in the row middles was achieved. 
(4) Good steerability was achieved by front-mounting the flamer. 
(5) The effect of wind was greatly lessened in comparison with 
conventional flaraers, but was not completely eliminated. 
(6) Rotary hoeing when the crop was emerging helped to increase 
the size differential between the crop and the weeds and was considered 
useful; it was essential in some cases to break the soil crust and 
facilitate seedling emergence. 
(7) The effects of an unsmooth soil surface appeared to have been 
eliminated. 
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FIELD EXPERIMENTS TO TEST THE NEW DESIGtl 
Weed Control in Corn and Soybeans 
Objectives 
The informal tests conducted in 1966 and described on page 16 et 
seq. indicated that the air-curtain flamer was better than conventional 
flamers. Rigorously designed experiments were conducted in 1967 to com­
pare the two flamers. The specific objectives of these experiments were; 
(1) To determine whether the new method of flaming was better or 
worse than that previously used by comparing the results from the two 
methods• 
(2) To determine whether or not flaming, used as a principal means 
of weed control, needed supplementary weed control measures. 
(3) To determine whether flaming as a principal means of weed con­
trol was better or worse than conventional mechanical and chemical methods. 
(4) To determine the effect, on yield and plant population, of over-
controlling weeds. 
Yield of corn and soybeans per acre and dry weight of weeds per acre were 
used as criteria in judging the worth of each treatment. 
Experimental treatments 
Table 1 shows the treatments used on both crops. A split-plot de­
sign was chosen to enable more accurate estimates of the merits of the two 
flaming methods to be made using the resources available. As shown in 
Table 1, there were seven main plot treatments. Treatments 1 through U 
were the supplementary treatments to be used in conjunction with flaming 
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Table 1. Summary of experimental treatments 
Whole-plot treatment Sub-plot treatment 
1 None 1 Commercial flamer 
2 Air-curtain flamer 
2 Sweep cultivation until 
12 in. tall 
1 Commercial flamer 
2 Air-curtain flamer 
3 Rotary hoeing 
1 Commercial Clamer 
2 Air-curtain flamer 
4 Pre-emergence chemical 
1 Commercial flamer 
2 Air-curtain flamer 
5 Sweep-cultivation + pre-
emergence chemical + air-
curtain flamer 
1 None 
2 None 
6 Pre-emergence chemical 
+ sweep-cultivation 
1 None 
2 None 
7 Rotary hoeing + sweep-
cultivation 
1 None 
2 None 
22 
and the main plots to which these treatments were applied were split into 
two sub-plots, each of which was treated with a different flaming method. 
Treatment 2 involved sweep cultivation until the crop was 12 in. high. 
In the plots receiving treatments 5 through 7, no sub-plot treatment was 
applied. Treatment 5 consisted of cultivation in addition to chemical 
and flaming. This treatment was expected to produce "overkill" of the 
weeds and possible injury to the crops. Treatments 6 and 7 were con­
ventional weed-control methods and were used as check plots. Table 2 
shows the planned orthogonal contrasts among the means of the whole-plot 
treatments. There were five replications of the experiment and each sub­
plot consisted of four rows and was approximately 1/50 ac. 
Equipment 
The conventional flaming treatments were applied using a four-row, 
commercially available, rear mounted flame cultivator. This machine 
was not capable of flaming the middles between the rows and treatments 
using this flamer were supplemented by using the newly developed flamer 
to control weeds in the area between the rows. This procedure was ap­
plied to treatments 1, 3 and 4; treatment 2 involved sweep cultivation 
which controlled the weeds between the rows. 
Modifications to the air-curtain flamer The new method of flaming 
was applied using a four-row air-curtain flame weeder. The machine used 
in 1966 was enlarged and modified before the 1967 season. The modifica­
tions consisted of providing a separate LP-gas supply line for the burners 
that flamed the middles between the rows. There were thus two independent 
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Table 2. Planned orthogonal contrasts 
Treatment Contrast 
Main plot Sub- (Main (Sub­
plot plot) plot) 
CI C2 C3 C4 C5 C6 C1(S) Cl(SxM) c2(SxM) C3(SxM) 
Old flame' ( ) 1 3 
( 3 1 1 ) 
New flamer ( ) -1 -3 
Old flamer+ ( ) 1 1 -1 
cult (-1 1 -1 1 1) 
New flamer+ ( ) -1 1 -1 1 
cult. ( ) 
Old flamer+ ( ) 1 1 1 
rotary hoe (-1 1 1 1 1) 
New flamer+ ( ) -1 1 -1 -1 
rotary hoe ( ) 
Old flamer+ ( ) 1 -2 
chemical (-1 -2 1 1) 
New flamer+ ( ) -1 1 2 
chemical ( ) 
New flamer+ 
cult. + 
chemical -6 
Cult.+ 
chemical -2 --1 1 
Cult.+ 
rotary hoe -2 1 1 
^Cult. means "sweep-cultivation". 
LP-gas circuits each equipped with a pressure regulator, shut-off valve 
and pilot valve. This enabled the pairs of burners located on each side 
of the individual rows (side burners) to operate at a gas pressure differ­
ent from that of the burners located in the middles between the rows. 
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Either set of burners could be operated alone if this were found de­
sirable as was the case when the air-curtain flamer was used to control 
weeds growing between the rows in treatments involving the conventional 
flamer. 
Because the 1966 air-curtain flamer was enlarged from a two-row to 
a four-row unit, the fan and gasoline motor from the two-row unit were 
replaced by a larger fan and motor. The fan used on the four-row machine 
was capable of delivering approximately 3000 ft.^Ymin. of air at 1 in. 
s.w.g. A water gage was fitted to the machine to aid the operator in 
controlling the air supply according to the crop and weed conditions. 
The fan was driven by a 3.5 hp. gasoline motor. Figure 6 shows the en­
larged and modified air-curtain flamer. 
Mechanical and chemical treatments A sweep cultivator without 
shields was used in the treatments specifying sweep cultivation. A con­
ventional rotary hoe was used for the rotary hoeing treatments and the 
chemicals were applied in bands with an experimental plot sprayer. 
Application of treatments 
Preparation and planting The corn and soybeans were planted on 
May 19. The corn was planted where soybeans had grown the previous year 
and the field received 250 lb./sc. of 0:20:20 fertilizer on April 5 and 
200 Ib./ac. of anhydrous ammonia on April 25. The corn starter fertilizer 
was 150 Ib./ac. of 5:20:20. The soybeans were planted where corn was 
raised the previous year. The bean field received 300 Ib./ac. of 0:20:20 
fertilizer on April 5. The corn variety was DeKalb XL-45 and the soybean 
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Figure 5. Two-row air-curtain flame weeder showing flame distribu­
tion. 
Figure 6. Four-row air-curtain flamer. 
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variety was Hawkeye. The row width was 30 in. 
Application of chemicals Atrazine was applied to the corn in 15-
in. bands the day following planting. The application rate was 3.8 lb./ 
ac. in 20 gals, of water. Amiben was applied to the beans in a similar 
manner the day after planting. The application rate was four quarts per 
acre in 2 0 gals. o£ water. The application rates refer to the actual 
area sprayed and not to the total field area. 
Rotary hoeing Rotary hoeing was done on June 3 at which time the 
crops had become well established and weed seedlings were beginning to 
emerge. The weed seedling growth was retarded prior to rotary hoeing by 
the dry condition of the soil surface. The corn and soybeans had been 
planted deep enough to be in moist soil and, though germination was un­
even in some places, the crops got an unusually good start on the weeds. 
First flaming Wet weather set in the day following rotary hoeing 
and the first flaming could not be done until June 20. At this time, the 
soybeans were 8-10 in. high and the corn was 12-14 in. high. Because the 
delay caused by the wet weather meant that the corn and soybeans were 
relatively tall before flaming, some of the advantages of the air-curtain 
flamer were not apparent. There was a big size-differential between crop 
plants and weeds because the bulk of the weeds did not begin to germinate 
until the rain of June 4 supplied the required moisture. Hence, the weeds 
were easily killed by either flamer without obvious injury to the crops. 
All the soybean sub-plots were mistakenly flamed with the air-curtain 
t'iaiiier at the first 1: laming. No visible damage resulted to the crop and 
all the weeds were killed. Because any injury caused to the crop by 
flaming was of interest, the day following the air-curtain flaming, the 
conventional flamer was used oh the sub-plots to which it had been 
assigned. This was considered justifiable because there was no apparent 
damage due to the air-curtain flaming and because no weed control ad­
vantage could be gained since all weeds had been killed in the areas close 
to the rows where the conventional flamer «v^uld operate. The corn sub­
plots were flamed as planned with both flamers (see Table 1). 
The crops were parallel flamed (2) with both flamers by setting the 
burners to project the flame parallel to the row. The burners on either 
side of a row were set 11 in. apart. The objective of treatment 2 was 
to provide weed control by sweep-cultivating until the crops were about 
12 to 14 in. high. Since it was not possible to sweep-cultivate the corn 
before it was 12-14 in. high, flaming was done without prior cultivation. 
Flaming was not applied to the treatment-2 plots in soybeans until the 
crop was 12 to 14 in. high. 
The LP-gas pressure at the regulator was 25 psi for the conventional 
flame weeder. The side burners (see page 23 ) of the air-curtain flamer 
operated at a gas pressure of approximately 40 psi at the regulator and 
the middle burners operated at 50 psi at the regulator. The fan-outlet 
air pressure on the air-curtain flamer was 3/4 inch s.w.g. The forward 
speed was 4 mph. These settings for the air-curtain flamer were used in 
both corn and soybeans. 
The middles between the rows, in the sub-plots to which the commercial 
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flamer was assigned, were flamed using the middle burners of the air-
curtain flamer. The gas pressure was 50 psi and the air pressure at the fen 
was 1 in. s.w.g. 
First sweep-cultivation The first sweep-cultivation was applied 
to both crops on June 20. Treatment 2 in corn did not receive this cul­
tivation (see page 26 ), Treatment 5 in both corn and soybeans had very 
few weeds and hence was not sweep-cultivated. No attempt was made to 
prevent the soil being thrown into the crop row. 
Second flaming The second flaming was applied on June 22 because 
some weed growth remained in the middles between the rows. The burner 
and gas pressure setting were exactly as for the first flaming. The fan-
outlet air pressure was reduced to 1/2 in. s.w.g. and the forward speed 
was 4 mph. for both machines. The corn was 12 to 16 in. high and the 
soybeans were 10 to 11 in. high. The flamings were done exactly as 
specified in Table 1. Treatment 2 of the soybeans was not flamed be­
cause the crop was not yet tall enough. The area between the rows in 
plots flamed with the commercial flamer was flamed using only the middle 
burners of the air-curtain flamer. The air pressure was slightly more 
than 1 in. s.w.g. to ensure that the crop plants received no heat from 
the middle burners. The forward speed was 3 mph. 
Special sweep-cultivations Treatment 5 had not received sweep-
cultivation in cither corn or soybeans (see above) and treatment 2 in 
corn had not been cultivated but had been flamed twice. On June 27, 
the sweep-cultivation of treatment 5 in both crops was done and treat­
ment 2 in corn was cultivated. 
Third flaming The weeds in the row middles were not satisfac­
torily controlled by the middle burner of the air-curtain flamer. For 
the third flaming the small burners, previously used in the middles be­
tween the rows, were replaced by standard size, commercially available, 
flame-weeder burners. These burners operated at a gas regulator pres­
sure of 22 psi and controlled the weeds successfully. The side burners 
of the air-curtain flamer operated at 45 psi, and the burners of the 
commercial flamer operated at 30 psi. The air pressure at the fan was 
5/8 in. s.w.g. 
For the third flaming, the burners on the commercial flamer were 
set to project the flame perpendicular to the row and were operated ac­
cording to the general recommendations for "cross flaming" (2). The 
burners next to the rows in the case of the air-curtain flamer were 
turned inward 15° from an orientation parallel to the row. With the 
exception of treatment 4 in corn, all plots were flamed, as prescribed 
in Table 1, at a forward speed of 3-3/4 mph. The middles between the 
rows of the sub-plots flamed with the commercial machine were flamed with 
the middle burners of the air-curtain flamer as described on page 27. 
Treatment 4 in corn was not flamed because there were few weeds present. 
Third cultivation Treatments 5, 6 and 7 were sweep-cultivated on 
July 6. Table 3 is a chronological summary of the treatments. 
Table 3. Chronological summary of treatments 
Date Treatment 
Pre-emergence Rotary 
chemical hoeing 
Sweep 
cultivation 
Commercial 
flamer 
May 20 4,5,6% 4,5,6 
June 3 
June 20 
June 21 
June 22 
June 27 
July 1 
July 6 
3,7 3,7 
2,6,7 6,7 
5 2,5 
5 
5,6,7 5,6,7 
1,3,4 
1,3,4 
1-3 
1-4 
Air-curtain 
flamer 
Beans Corn Beans Corn Beans Corn Beans Corn Beans Corn 
1-4 1,3,4,5 1-5 
1-4 1,3,4,5 1-5 
1,2,3,5 
1-5 
^Numbers refer to whole-plot numbers given in Table 1. 
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Weed control effectiveness 
Sampling sub-plots In mid-July, the weed population of the 
plots was sampled. Each sub-plot consisted of four rows, the outer two 
of which were border rows. Two weed samples were taken from each of 
the two center rows to give four weed samples per sub-plot. The samp­
ling procedure consisted of selecting two locations at random within 
each row and harvesting the above-ground portion of the weeds growing 
in a strip 6 in. on each side of the row and 6 ft. long. The weeds 
thus collected were weighed and samples were taken to determine their 
moisture content. The dry weight of weeds harvested was then calculated. 
Sampling weed check plots No untreated controls were used in 
this experiment; the control treatments used were conventional, normally 
successful methods of controlling weeds. To provide an estimate of the 
potential weed population, unweeded strips, 5 ft. wide, were left in 
each of the seven main plots in all five replications. These unweeded 
strips physically separated the two sub-plots within each main plot. 
Hence an estimate of the potential uncontrolled weed growth in every 
main plot was available. Two samples, each 6 ft. long by 1 ft. wide, 
were taken at random from these strips. Moisture content determinations 
were made and the sample weights expressed on a dry-matter basis. Table 
4 shows the treatment and sub-plot mean weed-weights in pounds of dry 
matter per acre. The mean weed-weights recorded for the unweeded 
check-strips are also shown. 
Tabic 5 shows the analysis of variance for this data. The sums of 
squares are based on grams of dry weeds found in the 6-sq.ft. samples. 
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Table 4. Weed weights in lb. of dry matter per ac. 
Whole plot 1 2 3 4 5 6 7 
Sub-plot 1 2 12 12 12 
Corn 332 44. 110 54 68 10 19 18 1 1 23 
Plot 
means Soy­
beans 103 29 63 32 67 45 3 6 0 9 18 
Check- Corn 7,500 9,100 8,400 6,700 7,400 6,200 8,300 
strip Soy­
beans 5,100 4,500 6,100 5,000 5,200 5,000 4,200 
Error sum of squares for sub-plots Table 1 shows that there were 
seven main plots and that, of these, four were split into sub-plots re­
ceiving different sub-plot treatments. All seven main plots contained a 
weed check-strip which physically divided each into two parts. Main plots 
5 through 7 were treated as consisting of two sub-plots each receiving 
the same treatment. When the data from all seven treatments were analyzed, 
the sums of squares for sub-plots plus the sum of squares for sub-plot-
by-main-plot interaction consisted of three parts as shown in equation 1 
(for explanation of symbols, see Appendix A). 
[SSg + SSgxM](i,7) = SSs(l,4) + SSe(5,7) + SSgxM(l,4) 4 
When the data from the first four main plots were analyzed, the sub-plot 
and sub-plot-by-main-plot interaction sum of squares was given by equation 2 
[SSs + = SSs(i^4) + SSsxM(l,4) ^ 
Table 5. Analysis of variance on weeds in corn and soybeans 
Corn Soybeans 
Source d. f. Sum of squares Mean square F Sum of squares Mean square F 
Blocks 4 1731.926 432. 981 253.434 
Main plot® 6 4158.101 693. 016 2.7 93* 685.191 114.150 1 .045 
Cl^ 1 2335. 210 2325. 210 9.410** 105.776 105.776 .969 
C2 1 176. 055 176. 055 .7 09 230.464 250.464 2 .111 
C3 1 142. 866 142. 866 .576 5.402 5.402 .049 
cu 1 1025. 340 1025. 340 4.132 188.311 188.311 1 .725 
C5 1 37 . 080 37. 080 .149 6.968 6.968 .064 
C6 1 441. 97 6 441. 97 6 1.781 148.260 148.260 1 .358 
Main-plot 24 5955.297 248. 137 .719 2620.02 109.167 
error 
Sub-plots® 1 1592.461 1592. 461 7.522*c 153.770 153.770 1 .89 
Cl(S) 
Sub-plots X 3 1918.262 639. 420 3.020 122.709 40.903 .505 
Main plots 
Cl(SxM)b 1 1835. 680 1835. 680 8.671** 97.310 97.310 1 .201 
C2(SxM) 1 82.  500 82. 500 .390 23.714 23.714 1 .2 93 
C3(SxM) 1 
• 
056 
• 
056 .000 1,739 1.739 .021 
Sub-plot 31 6562.983 211. 709 2512.356 81.044 
error 
®See Table 1 . 
t>See Appendix A , 
CF.01(31,1) = 7.53 . 
^Denotes significance at the 5 per cent level 
'kk 
Denotes significance at the 1 per cent level 
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Subtracting equation 2 from equation 1 gives equation 3. 
[SSg + SSgxM](i,7) - [SSg + SSgxM](i 4) = ^^ 6(5,7)  ^
The quantity and its associated three degrees of freedom pro­
vided extra information about the sub-plot error. This sum of squares and 
the three degrees of freedom were added, respectively, to the error sum 
of squares and degrees of freedom obtained in analyzing the data from all 
seven main plots and the result was used as the error term in analyzing 
the sub-plots within the first four main plots. Hence the 31 degrees of 
freedom in the sub-plot error term. 
Analysis of weed control effectiveness in corn Table 5 shows 
that flaming by itself resulted in significantly more weed growth in corn 
than when flaming was supplemented with some other weed control method. 
Within the sub-plots in the corn experiment, the air-curtain flamer gave 
significantly better weed control than the conventional flamer. Analysis 
of the interaction sum of squares, according to the contrasts in Table 2, 
showed that, when flame was not supplemented with another weed control 
measure, the air-curtain flamer was better than the conventional flamer. 
The means for the various sub-plots are given in Table 4; the data show 
that the biggest difference between the two methods of flaming occurred 
when no supplementary treatment was used. None of the other interaction 
contrasts was significant which meant that both flamers were similarly 
effective when used with either a chemical or a mechanical supplement. 
Both flamers were similarly effective with either sweep-cultivation or 
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rotary hoeing. 
Analysis of weed control effectiveness In  soybeans Table 5 shows 
that none of the contrasts among the whole-plot means was significant. 
The importance of this is that flaming alone gave good weed control and 
adding a supplementary weed-control method did not produce any sig­
nificant benefit. There was no significant difference between the two 
flamers but Table 4 shows a trend that existed in favor of the air-
curtain flamer. This trend may be important because all soybean sub­
plots were flamed once with the air-curtain flamer (see page 26 ) which 
would have tended to lessen the difference between the means of the sub­
plots within whole plots. Since this difference was highly significant 
in corn, where each sub-plot was flamed exclusively with one or the other 
of the flamers, the trend in the soybean data may have been more than 
mere random variation. This point needs further investigation. 
Discussion of weed control The weed weights per acre shown in 
Table 4 were so small that they would not be expected to influence yield, 
especially where nutrients and moisture were in good supply.^ The error 
mean square for sub-plots in corn and soybeans might reasonably have been 
expected to be similar in magnitude. That the sub-plot error mean square 
in corn was bigger than that in soybeans may be a reflection of the higher 
variability in the check weed weights for the corn plots than for the 
soybean plots. 
^Lovely, Walter G., Ames, Iowa. Weed-control research. Private 
communication. 1967. 
Analysis of yield data 
Harvesting Each sub-plot consisted of four, 90-ft.-long rows. 
To avoid any border effects, only the two middle rows of each sub-plot 
were harvested. The corn was picked and the weight of ear-corn per 
plot recorded. The ear-corn was then shelled and a moisture sample taken. 
When the moisture content of the kernels had been determined, the yield 
per sub-plot of shelled corn at 15.5 per cent moisture content was found 
from the following formula used by the Agronomy Department, Iowa State 
University:^ 
Y = y(1.100019-.020537(M.C.)+.000166(M.C.)2)(n)/56 4 
In the above formula, Y is the yield in bu./ac. of shelled corn at 15.5 
percent moisture content, M.C. is the moisture content of the kernels 
in percent (wet basis), y is the yield of ear-corn in lb./plot and n is 
the number of plots/ac. The system used for picking, weighing and shell­
ing ear corn was developed at the Agricultural Engineering Department, 
Iowa State University. 
The soybeans were harvested with a conventional combine. To provide 
uniformity, the machine was run for 1 minute after each plot was harvested 
and the assumption was made that the same weight of beans was retained 
within the machine after each plot. To minimize the amount of beans re­
tained, a container was fitted to the bottom end of the grain-tank 
elevator and the drive to the elevator was disconnected. The soybeans 
were collected in the container by removing the cleaning door where the 
^Clem, Mary A., Ames, Iowa. Data processing service, Iowa State 
University of Science and Technology. Private communication, 1965. 
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grain auger enters the bottom of the elevator. 
Table 6 shows the mean yields of corn and soybeans for the sub­
plots within whole plots 1 through 4 and for whole plots 5 through 7 
(see Table 1). The same method of pooling sums of squares and degrees 
of freedom was used in computing the error term for the sub-plots as 
was used in the weed analysis (see page 32 ). The analysis of variance 
is shown in Table 7. 
Yield response of corn Table 7 shows that no significant differ­
ence existed among the means of either the main plots or the sub-plots. 
There may have been a difference under C2 between using a chemical and a 
mechanical treatment as a supplement to flaming but there was no evidence 
from this experiment to indicate that this difference was not zero (see 
Tables 2, 6 and 7 ). 
Yield response of soybeans There was a significant difference 
between the means of plots receiving flaming plus a supplement and the 
control plots receiving the conventional mechanical and chemical weed 
control. The flamed plots outyielded the control plots (see Table 6 and 
C4, Table 2). The difference between rotary hoeing and sweep-cultivation 
as supplements to flaming (C3, Table 2) was significant at the 10 percent 
level; the sweep-cultivated plots produced the lower yield and an ex­
planation for this is given in the following paragraphs. 
A root rot (Rhizoctonia spp.) developed in the soybeans and became 
noticeable about mid-August- The disease appeared in patches within a row 
Table 5. Yields of corn and soybeans (bu./ac.) 
Whole plot 1 2 3 5 6 7 
Sub-plot 121212 12 
Corn 152.7 148.2 149.5 148.3 156.3 145.8 156.3 161.8 144.9 146.9 153.6 
(15.5% M.C.) 
Soybeans 39.13 40.03 40.30 39.34 43.14 42.22 40.73 40.40 37.96 37.89 38.71 
(13% M.C.) 
Table 7. Analysis of variance on yields of corn and soybeans 
Corn Soybeans 
Source d.f. Sum of squares Mean square F Sum of squares Mean square F 
Blocks 4 592 .626 148.156 147. 843 36.961 
Main plots^ 6 1303.468 217.245 1.579 168. 668 28.110* 2 .532 
Cl^ 1 47.224 47.224 .343 15.588 15.588 1.404 
C2 1 552.437 552.437 4.016 3.074 3.074 .276 
C3 1 23.114 23.114 ,168 40.840 40.840 3.678 
C4 1 60.380 60.380 .439 74.529 74.529* 6.713 
C5 1 225.529 225.529 1.639 3.620 3.620 .326 
C6 1 394.798 394.798 2.87 31.275 31.275 2.817 
Main-plot 24 3301.449 137.560 266. 447 11.102 
error 
Sub-plots^ 1 70.598 70.598 . 69 1. 086 1.086 .167 
Cl(S) 
Sub-plots X 3 332.934 110.984 1.084 5. 608 1.869 .288 
main plots 
Cl(SxM)b 1 11.297 11.247 .110 4.9898 4.9898 .768 
C2(SxM) 1 215.765 215.765 2.108 .6160 .6160 .094 
C3(SxM) 1 105.892 105.892 1.034 .0020 .0020 .000 
Sub-plot 31 3173.507 102.371 183. 882 6.498 
error 
^See Table 1 . 
^See Appendix A • 
^Indicates significance at the 5 percent level. 
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iuid Llie number ol." patches per plot and the number of diseased plants 
per patch were recorded. Table 8 shows the distribution of the disease 
among the plots. 
Table 8. Distribution of root rot in soybeans 
T r e a t m e n t  1 2  3 4  5  6  7  
Patches/ac. 20 180 40 10 430 550 540 
Plants/patch 2.0 4.8 1.7 1.0 6.7 7.3 5.8 
Referring again to the analysis of variance for soybeans yields 
(Table 7), it can be seen that the significant difference found be­
tween the yield with flaming plus a supplement and the yield with con­
ventional tillage was closely associated with the incidence of diseased 
plants. Treatments 1, 3 and 4 were never sweep-cultivated and had few 
d i s e a s e d  p a t c h e s .  T r e a t m e n t  2  w a s  s w e e p - c u l t i v a t e d  o n c e  ( s e e  T a b l e  3 )  
and treatments 6 and 7 were sweep-cultivated twice. The relationship 
found between the number of cultivations and the number of patches of 
d i s e a s e d  p l a n t s  i s  s h o w n  i n  F i g u r e  7 .  
Tlie significant yield-difference detected in contrast C 4  was the 
difference between the means of the plots where weeds were controlled 
by sweep-cultivation and those where flaming was the principal means 
of weed control. This was also the difference between plots where 
disease infestation was high (sweep-cultivated) and where disease was 
low (flame cultivated). This is good evidence that the reduction in 
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Figure 7. Relationship between number of sweep cultivations 
and root rot incidence in soybeans. 
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yield was due to the high incidence of disease and that the high inci­
dence of disease was the result of repeated sweep-cultivations. 
Summary of yield and weed data Figures 8 and 9 show the weed 
weight and yield for corn and soybeans respectively. The data from 
the two flamers are shown separately in Figure 8 because there was a 
significant difference between the weed control achieved by each. 
This was not done in Figure 9 because the two flamers gave essentially 
the same weed control in soybeans. There were no yield differences be­
tween the plots flamed with different flamers in either corn or soybeans; 
hence, the yield due to each flamer is not shown separately. 
Summary of 1967 field tests 
The analysis of this experiment has shown that flaming alone or 
flaming with chemical, rotary hoeing or sweep-cultivation as a supplement, 
controlled weeds so as to produce yields at least equal to those produced 
with sweep-cultivation supplenented by either rotary hoeing or chemical. 
Under the circumstances of this experiment, the soybean plots with flame 
weed-control outyielded those with sweep-cultivation as the principal 
weed-control method. The soybean plots where weeds were controlled by 
sweep-cultivation showed a higher disease infestation than the flamed 
plots and this is a reasonable explanation for the yield difference. 
The weather in June was wet and prevented flaming while the crops 
were small. Calm conditions on the days when flaming was done favored 
the conventional flamer. These circumstances may have prevented some of 
the advantages of the air-curtain flamer from becoming evident (see page 18. 
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The field data are shown in Figures 66 and 67 in Appendix B. The popu­
lation data shown for soybeans were derived from four 6-ft.-long samples 
within each sub-plot; the population data for corn were based on the 
actual number of plants per sub-plot. The weed species found in the 
plots are given in Appendix C. 
Conclusions from 1967 field tests 
(1) When used without a supplementary weed control measure, the air-
curtain flamer gave better weed control in corn than the conventional 
flamer. 
(2) When a supplementary weed control measure was used, no difference 
in weed control was detected between the two flamers in either corn or soy­
beans . 
(3) In soybeans, both flamers gave equally good weed control, but 
there was some evidence that the air-curtain flamer may have been superior 
when no supplementary weed control was used; this is especially noteworthy 
in view of the error made in applying the sub-plot treatments. 
(4) Except when flaming was done in corn with the commercial flamer, no 
advantage was gained by using a supplementary weed control with flame weed­
ing. 
(5) Flaming, as a principal method of weed control, gave results 
equally as good as sweep-cultivation. 
(6) The soybean plots, where weeds were controlled mainly by flame, 
outyielded those where weeds were controlled mainly by sweep-cultivation. 
There is good evidence to support the view that this yield difference 
was due to the incidence of a root rot. 
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(7) The incidence of the root rot found in soybeans increased di­
rectly as the number of sweep-cultivations increased. 
(8) Using two principal weed control procedures (flame and sweep-
cultivation) plus a supplementary weed control (chemical) gave the same 
yields of corn and soybeans as did either one plus a supplement. 
(9) No conclusions could be drawn about the relative merits of 
the two flamers when used in crops less than 10 in. tall because wet 
weather prevented flame weeding during this growth stage. 
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TEMPERATURE MEASUREMENTS IN THE REGION OF THE AIR CURTAIN 
The objective of investigating the temperature near the air curtain 
was to determine the factors that influenced its performance as a heat 
barrier. The most obvious factors to investigate were gas supply pressure 
to the burners and air pressure at the fan outlet. Observations were 
also made on the effect of wind velocity because overcoming the ill ef­
fects of wind was one of the objectives in designing the new flamer. 
Equipment 
Thermocouples 
Flame temperatures up to 2500°F could be expected in the flame from 
burners such as those used on the air-curtain flamer. Chromel-alumel 
thermocouples were therefore chosen to measure the temperatures. The 
wire from which the thermocouples were fabricated was 24 gage chromel-
alumel wire covered with woven fiber-glass. 
The fiber-glass covering was intended to eliminate problems with 
electrical insulation but the material proved to be too easily frayed 
by constant vibration especially when hot. The problem of insulating 
the thermocouple wires was solved by threading them through ceramic 
insulators. The part of the thermocouple wires not subjected to vibra­
tion or heat was threaded through a l-in. rubber garden hose to protect 
the fiberglass from abrasion. The manufacturers stated accuracy for the 
thermocouple material was ± from 0°F to 53U°F and + 0.75 percent 
from 530°F to 2300°F. 
An ice bath was used as a reference junction. This was chosen be­
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cause i.L was coiiveuLeiit and inexpensive and great accuracy was not de­
sired. The maximum error that could be introduced by the ice-bath was 
approximately -4°C because the temperature approached by the water in 
the lowest part of an unagitated ice bath is 4°C. Due to the circum­
stances under which the temperature measurements were made, the ice-
bath was constantly agitated and the errors were assumed negligable. 
Another possible source of error existed at the junction between 
the copper lead-wires and the chromel-alumel thermocouple wires. To 
ensure that these two junctions were both at the same temperature, 
they were electrically insulated from one another and then wrapped to­
gether with friction tape. The assumption was made that, whenever two 
dissimilar metals entered the electrical circuit within the measuring 
equipment, the connections at each end of these metals would be at the 
same temperature. Figure 10 shows the circuit diagram; T^ is the refer­
ence junction temperature, T^ is the temperature to be measured and T^ 
the temperature of the recording-instrument connections. Six thermo­
couples were used. 
Recording instruments 
An eight-channel, ink-pen recorder was used to record the output 
of the six thermocouples. The input impedance of each channel was ap­
proximately 20 and the thermocouples were direct-connected. A 1-sec. 
timer was used to indicate the length of each record. The recorder was 
mounted on the tractor and was powered by a 1200-Watt portable generator. 
one of six record!ng-channels 
alumel Cu 
chrome! Cu alumel 
water 
Figure 10. Thermocouple circuit 
'm 
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I'ro.s.sun' mcasurcmmits The burners used were of the self vapor-
i.ziii)^ Lypu - Lhc so-called 'liquid' burners. The propane (a mixture of 
1 i(|uid and vapor) entered the vaporizer on the burner and the vapor passed 
through a 0.25-inch copper pipe to the burner nozzle. Bourdon type, in­
dicating, pressure gages were attached to these copper pipes to measure 
the gas pressure at a point as close as possible to the burner nozzles. 
A pressure gage was also installed at the pressure regulator. The pressure 
drop between the regulator and the burner nozzle was 10 to 15 psi (de­
pending on the flow rate) when gas was being supplied to two burners. 
The air pressure at the fan outlet was measured by installing a 
tube perpendicular to the wall of the fan outlet section. The tube was 
brazed fins'" with the inside of the duct wall and was then connected to 
a U-tube water manometer made from a clear flexible plastic pipe. The 
static air-pressure at the fan outlet was indicated in inches of water. 
Wind speed A weather station was located some 100 ft. from where 
the tests were performed. A record of the total wind-miles was kept 
during each day of operation. The variation in average wind velocities 
from day to day was small and 6 to 8 mph. was the normal range. Because 
the variation in wind velocity was small, it was considered justifiable 
to combine data taken on different days in drawing the isotherm maps 
presented in the pages that follow. Though the average wind velocity 
was low, gusts of up to 12 to 15 mph. were common. This information was 
available from the instrumentation at the weather station. 
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Procedure 
The six thermocouples were mounted on a carrier as shown in Figure 
11- The carrier was arranged on a frame attached to the flame weeder 
(Figure 12), and could be moved fore and aft and up and down. In this 
way, the thermocouples could be moved to any position in the region of 
interest. In Figure 12, A is the thermocouple carrier which was in­
serted into a T-piece C fabricated from square tubing. The handle B was 
attached to G which moved fore and aft on another piece of square tube E. 
The tube E could be raised and lowered. One of the six thermocouples is 
located at D. They were attached to the carrier frame by wrapping them 
with asbestos and then binding the asbestos to the carrier with wire. 
The tests were run on a gravel-covered road because the thermo­
couples would have been damaged by contact with foliage. The only other 
choice would have been to run the tests in a field that had no vegeta­
tion. Since a large number of runs was planned, the gravel covered road 
was chosen. Liljedahl et (6)^ used a laboratory apparatus to measure 
temperatures around a burner flame. They used broken firebrick spread 
on top of a water tank to simulate a soil surface. By circulating cold 
water through the tank they attempted to keep the firebrick cool. The 
cooling was necessarily imperfect and it is a safe assumption that the 
amount of heat absorbed from the flame by the hot firebrick was less than 
would be absorbed by a cold soil surface. The decision to make the tem­
perature measurements,while in motion on a gravel road,was based on this 
I 
^Lien, R. M., Purdue University. Flame temperatures. Private 
communication. 1965. 
Figure 11. Thermocouple carrier 
Figure 12. Mounting frame for thermocouple carrier. A is 
the thermocouple carrier; B is the handle used to 
move A fore and aft on E; D is a thermocouple. 
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c.'onsi,di.'.raLi.oa. 
The temperature distribution was surveyed systematically by begin­
ning with the thermocouples at the front end of the control region - the 
forward end of the air-curtain slots was position 0. From this position, 
the thermocouples were moved, in 4-in. steps, until they were at a po­
sition 28 in. to the rear of position 0; this was 4 in. behind the end of 
the air slots. Temperature measurements were made after each change in 
the position of the thermocouples. Each temperature measurement con­
sisted of two 30-sec. records of temperature - one while moving against 
the wind and the other while moving with the wind. When the most rear­
ward position for the thermocouples had been reached, they were returned 
to position 0 and their height changed by an amount depending on their 
position relative to the air curtain. When the temperature measurements 
were being made close to the air curtain, the thermocouple height was 
normally incremented by 0.5 in. because the temperature gradients in the 
immediate neighborhood of air curtain were high. At other locations, the 
temperature gradients were low and height increments of up to 2 in. were 
used. Because of the difficulty of preventing damage to the thermo­
couples, only a few runs were made with the thermocouples less than about 
2.5 in. above the ground surface. 
Presentation of data 
Isothermal contours within the region in which the temperatures were 
studied, were drawn by a process of linear interpolation between points 
for which data was available. Figure 13 is an example of such a contour 
map. 
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Figure 13. Isotherm maps in a vertical plane, parallel to the row, approximately at the nominal 
position of the row; with tail wind (top) and with head wind (bottom). Height of 
burners and air curtain shown at right. 
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The temperature records were in the form of milivolts and were con­
verted to degrees Fahrenheit by the following formula which is a least-
squares polynomial fitted to tabular data for chromel-alumel thermo­
couples: 
T = 26.86 + 46.57(mv.) - .199(mv.)^ - .00313(mv.)^ 5 
The coefficient of determination associated with fitting equation 5 was 
.9999959. Each record was approximately 30 sec. long and readings of 
thermocouple output were made, beginning 5 sec. from the start of the 
record and, thereafter, every second for 20 sec. The mean of the 20 
readings was the number of milivolts (mv.) used in equation 5. 
The data were arranged so that two types of isotherm 'maps' could 
be drawn in vertical planes - one parallel to the row and the other 
transverse to the row. Figure 13 shows a contour map parallel to the row. 
The vertical plane of this map is approximately 0.5 in. to one side of 
the center-line of the space between the air-curtain slots; this line 
was the nominal position of the crop row during flaming and Figure 13 
thus shows the temperatures that a plant would experience as the machine 
moved along the row. The presence of the plant would alter the isotherm 
maps because some temperature reduction would result from heat absorption 
by the plants. The magnitude of this effect would depend on the mass of 
plant tissue absorbing heat and on the presence or absence of moisture 
resulting from rain or dew. A study of the heat and mass transferred 
during flaming could be the subject of an elaborate investigation and 
will not be considered further here. 
Figure 14 shows an isotherm map in a vertical plane transverse to 
the row. The center of the map corresponds to the nominal position of 
the row relative to the machine and the isotherms show the temperatures 
to which the crop would be subjected due to steering inaccuracies of 5 
in. to either side of the row. 
Discussion of data 
Figure 13 shows an isotherm map for a vertical plane parallel to 
the row and 0.5 in. to the side of the centerline of the control region. 
The control region extended 24 in. backward from the front of the air 
curtain and temperature measurements were made to a point 4 in. behind 
the control region or 28 in. back from the front of the air curtain. 
This gave some idea of the possible effect of "exhaust" gases in causing 
damage after the plants emerged from the control area where they had the 
protection of the air curtain. 
The effect of a tail-wind is evident from Figure 13 (top) where the 
500°F isotherm is at the 6-in. level whereas, with a head-wind, 300°F 
isotherm is continuous from front to back at about the 6-in. level. 
The temperatures at the front of the control region were markedly lower 
with a head-wind than with a tail-wind. The hottest region was further 
to the rear with a head-wind than with a tail-wind. Figure 15 shows the 
same effect except that the 500°F isotherm was not as high from the ground 
level as in Figure 13. This was due to the increased air pressure at 
the fan outlet for the data of Figure 15 because the heat barrier proper­
ties of the air streams increased with increasing air velocity. 
The gas pressure used in collecting the data of Figure 13 was 25 
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psi. That used with the data for Figure 16 was 20 psi; the other vari­
ables were the same as in Figure 13 except for the burner height which 
is shown in both figures. Similar effects of wind direction can be seen 
in Figure 16 as were seen in Figure 13 but the reduced gas pressure al­
lowed the air curtain to maintain better control of the heated region 
than in Figure 13. When the air curtain was moved closer to the ground -
(and to the burners) the effects of wind were very noticeable as is 
shown in Figure 17. The gas pressure in Figure 17 was 20 psi and the 
flame was projected 15° down from the horizontal as opposed to being 
projected horizontally in Figures 13, 14 and 15. 
In Figure 18 the gas pressure was 25 psi and the degree of control 
by the air curtain was less than in Figure 17. During the experiment, 
the air-curtain slots overheated and warped. To maintain the 0.375-in. 
slot widtli) spacers were installed at two points - one was 4 in. from the 
front of the slot and the other about 15 in. from the front of the slot. 
The spacers were made from 0.5-in. washers and Figures 18 and 19 show 
the result of their presence in the slots. Elevated temperatures were 
recorded at the 4-in. and 16-in. distances from the front of the air 
curtain and these were due to the interruption of the air-flow at these 
points by the washers in the slots. The effect was more noticeable at 
the forward end of the control area where the flame was hottest. The 
washers were also present when the data for Figure 19 were recorded and, 
by comparing the contours in Figure 18 with those in Figure 19, the effect 
or increasing the air pressure from 0.5 in. s.w.g. to 1.0 in. s.w.g. can 
be seen. 
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Figure 16. Isotherm maps in a vertical plane, parallel to the row, approximately at the nominal 
position of the row; with tail wind (top) and with head wind (bottom). Height of 
burners and air curtain shown at right. 
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Figure 17. Isotherm maps in a vertical plane, parallel to the row, approximately at the nominal 
position of the row; with tail wind (top) and with head wind (bottom). Height of 
burners and air curtain shown at right. 
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Figure 20 is a map of the isotherms from a point 2 in. above the 
ground surface to a point 8 in. above the surface. The burner height was 
3.5 in. measured from the ground surface to the bottom of the burner 
and the air curtain was 5.5 in. above the ground surface. The burners 
were turned toward the row through an angle of 15° from the direction 
o£ travel; they were tilted 7° to 10° down from the horizontal. The gas 
pressure was 20 psi and the air pressure at the fan outlet was 1.0 in. 
s.w.g. The spacers to maintain the correct slot width for the air streams 
were not installed when the data in Figure 20 were collected. 
Figure 14 shows isotherm maps in vertical planes transverse to the 
row; they were Constructed from the data used to draw the isotherm maps 
shown in Figure 20. Eight such maps are shown in Figure 14 - one for 
each position of the thermocouples as they were moved from front to rear 
of the control region. Taking the individual maps in Figure 14 in order 
(left to right), they correspond to the transverse temperature profiles 
at distances of 0, 4, 8, 12, 16, 20, 24, and 28 in. from the front of 
the air curtain. This shows the temperatures to which the plants would 
be subjected, at each of the eight points, due to steering inaccuracies. 
Figures 21 through 24 show other transverse isotherm maps for dif­
ferent settings of the machine and for different operating conditions. 
The settings and operating conditions to which each applies are given in 
the captions. Ail the transverse isotherm maps show that the temperature 
control, and hence the protection afforded the plants, was better at 
some distance from the center of the control region than at the nominal 
position of the row. This was because the air curtain was less turbulent 
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Figure 20. Isotherm maps in a vertical plane, parallel to the row, approximately at the nominal 
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burners and air curtain shown at right. 
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and was not as disintegrated close to the air-curtain slots as it was 
close to the ce;.ter of the control region in the position occupied by 
the plants if the machine were ideally steered. The presence of plants 
in the air stream would be expected to alter the isotherms as discussed 
on page 5 5 and this should be the subject of further study. The informa­
tion presented here demonstrates the action of the air curtain as a heat 
barrier and shows the effects of varying some of the control parameters. 
Many of the temperature measurements were made with the burners set 
to project the flames parallel to the ground surface. This was done for 
two reasons; first, because it was a more severe test of the ability 
of the air curtain to act as a heat barrier when the flames were not 
projected toward the ground surface and away from the air streams and, 
second, because projecting the flame downward tends to heat the ground, 
there is less heat available for killing weeds. The only reason for 
projecting the flames onto the soil surface is to penetrate to the bottom 
leaves of dense weed growth and this is not a normal operating require­
ment because, when the weed growth is so dense as to be difficult to 
penetrate with the flame, the weeds are difficult to kill due to their 
size. It is normal farm practice to avoid letting the weeds reach this 
stage. 
That the plants were placed in a region of more positive temperature 
control, when the machine moved laterally with respect to the row, is 
important because this feature reduces the ill effects of inaccurate 
steering. The machine used in this research was mounted on the front 
of the tractor to give the operator a good view of the work and to improve 
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the steerability of the machine since this was a source of difficulty 
with conventional flame weeders. Because very accurate steering is no 
longer important, due to the effect of the air curtain, the air-curtain 
flame weeder should be designed and investigated in a rear-mounted 
position. If steering inaccuracy causes lateral movement of more than 
5 in. to either side of the row, however, the thermal damage to the crop 
would be very severe because the crop-plant foliage would be subjected 
to the temperatures existing under the middle cover; this is a region 
of intense heat intended to kill the weeds over which the middle cover 
passes. 
THE EFFECT OF HEAT ON PLANTS 
Review o£ Literature 
The response of whole plants and individual plant cells to elevated 
temperatures has been studied both in the context of climatic tempera­
tures and non climatic temperatures such as those occurring in forest 
fires. Col lander (18) heated the subepidermal leaf cells of Brassica 
oleraceae, thin slices of Beta vulgaris and cells of some other plants. 
o o 
The temperatures used varied from 40 C to 65 C and the exposure time for 
which the tissues were held at these temperatures varied from about 6 
sec. to many hours. Whether or not the cells had been killed was de­
termined from their reaction to certain solutions having known effects 
on living tissue as opposed to dead tissue. As a check on the ability 
of the plants to recover from or survive a heat treatment, Collander 
used seedlings of Pisum sativum whose roots had been heat treated. The 
seedlings had been raised in soil and, after treatment, were returned to 
the same soil. Some time-temperature combinations killed the seedlings 
while others left them undamaged. Between these extremes, intermediate 
amounts of seedling growth-retardation were observed. 
Thermal death was considered to have occurred when half of the cells 
in a specimen were killed. Collander plotted the data on semi-logarith-
mic graph paper and found a straight-line relationship of the form 
Log (t) = a + bT 6a 
where t is the thermal death time in seconds at temperature T and a and 
b are parameters. The values of the parameters a and b were not deter­
mined and neither did Collander explicitly use the functional relation­
73 
ship 6a in his discussion. 
Jameson (19) was interested in removing unwanted trees that had in­
vaded grassland. One method of eradication was to burn the grasses and 
kill the trees with the resulting heat; the grasses recovered from the 
treatment. Information was required concerning the effects of climatic 
temperature and relative humidity on the ssuceptibility of plants to heat 
from a source such as burning vegetation. The investigation showed that 
the plants tested were most susceptible to heat during dry periods of the 
year and when the relative humidity was low. Grasses were found to be 
more susceptible to heating than broadleaf plants. In determining the 
sensitivity of plant tissues to heat, Jameson (19) immersed specimens 
o 
in a vessel of cold water (36 C) which was heated in a predetermined, 
standardized fashion to the so-called "exposure temperature". The 
heating time required to kill the tissues and the temperature at the 
end of the heating time were used to characterize the susceptibility of 
the specimens to heating. Any attempt to determine a time-temperature 
response on the part of the plants was meaningless because the tempera­
ture increased throughout the exposure time. 
Yarwood (20, 21, 22) heated plant tissues to study the heat acti­
vation of viruses in those tissues. He noted the time-temperature 
combinations resulting in injury to the plant tissues and found a 
straight-line relationship when the data were plotted on semi-
logarithmic paper; the relationship was of the same form as that 
represented by equation 6a. Yarwood noted that heat injury resulted 
within 3 sec. when leaves were immersed in water at temperatures from 
7 5°C to 90°C. At a water temperature of 60°Cj heat injury became evi­
dent about 15 min. after an 8-sec. immersion. Delays of up to 4 days 
were noted before heat injury became evident as a result of 8 sec. in 
water at 55°C. Yarwood stated that direct heat injury was manifested 
as a loss in turgidity of the leaf tissue; this is a familiar sight to 
those who have worked with flame weeders. 
Yarwood (20) also found that heating a particular leaf often pro­
duced reactions in other leaves of the same plant. He referred to this 
as 'translocated' as opposed to direct heat injury and stated that it was 
first noticeable as a loss in leaf turgidity and a color change. Trans­
located injury never appeared less than 30 min. after heating or later 
than 4 hours after heating. Recovery from injury was manifested as a 
recovery in turgidity along the veins of the leaves. This recovery of 
turgidity spread into the leaf tissue and continued for 24 hours but 
areas of intervenal necrosis often remained. If a heated leaf was re­
moved within 3 hours of heating, recovery of the other leaves from trans­
located heat injury was complete. 
Abrasion of the unheated leaves was almost essential in order to 
produce translocated heat injury. Abrasion of directly heated leaves 
decreased translocated injury. In the case of pigweed (Amaranthus 
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retroflexus ), abrasion had no effect on the translocation of heat injury 
from heated leaves at the top of the plant to lower, unheated leaves. 
This translocation in pigweed was common. 
Yarwood (21) also discovered that heating could cause increased 
susceptibility to infectious diseases in some plants. Specifically, he 
found this to be true when the leaves of Phaseolus vulgaris (bean) were 
immersed in hot water for a few seconds before or after being innocu-
lated with three fungi which parasitize beans. 
The effect of climatological environment on the consequences of 
heating plants was observed by Yarwood (22). He found that heat injury 
was greatest when plants were treated early in the morning (before 9.00 
am.) and then exposed to bright sunlight. Leaves on the south side of 
the heated plants received the most intense sunlight and showed the 
greatest heat injury. 
Batchelder and Porterfield (23) and Batchelder et a_l. (24) investi­
gated the thermal defoliation and desiccation of cotton prior to har­
vesting. Porterfield ^  a_l. (25) later extended this research by in­
cluding grain-sorghum and peanuts in their investigations. Having made 
some preliminary observations on the effect of various time-temperature 
exposures, they formed the hypothesis that defoliation of cotton plants 
could be achieved by certain thermal treatments. They further hypothe­
sized that desiccation without defoliation would result if the total 
exposure of the cotton plants to heat were increased by increasing either 
the exposure time or temperature. A research machine was built to 
test these hypotheses and it was discovered that increasing the ex­
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posure caused increased leaf kill. They also observed that, in 
agreement with the second hypothesis, the amount of leaf drop was re­
duced by exposures longer than those required to produce maximum leaf 
drop (23). The effect of varying temperature as well as time was not 
reported in this study. 
This research on cotton defoliation was later extended by Batchel-
der et aj^. (24) who modified the previously used experimental equipment 
so that both the time and the temperature of the exposure could be varied 
and measured. The experimental results were fitted with polynomial re­
gression models to enable predictions of percent leaf kill and percent 
leaf drop to be made for various time-temperature combinations within 
the range of the experimental data. Since only the forward speed of the 
equipment was recorded, an indirect rather than a direct time measure­
ment was made. Some of the response curves are shown in Figure 25. 
In the case of leaf drop, a model of the following form was fitted 
to the data: 
P = bg + b^s + + b^s^ + c^T + 02%^ + c^T^ + ksT 6b 
where P is the percent leaf drop, s is the forward speed, T is tempera­
ture and bj^, c^ and k are regression coefficients. The coefficient of 
determination associated with the fitting of this model was .8668. 
The data from the leaf kill experiment were fitted with a similar model 
and the coefficient of determination was .8591. It is a good assumption 
that the forward speed and the exposure time were linearly related in 
this experiment though some error may be introduced by making this as­
sumption for high forward speeds. Such an error would lead to under-
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estimation of the exposure time due to the increasing influence of the 
time required for the atmosphere in the neighborhood of the plants to re­
turn to atmospheric temperature after the treatment. The seriousness of 
this effect would depend on many factors but mainly on the climatic con­
ditions at the time of the experiment. 
The reduction in leaf drop reported in the preliminary work (23) 
was not as clearly shown to exist by the data reported from the sub­
sequent experiments (24). The data presented in (24) show that 100 per­
cent leaf kill was attained with exposure to temperatures varying from 
550°F to 700°F at speeds varying from 1 to 2 mph. This corresponded to 
an exposure time varying from approximately 2.5 to 5 seconds. During 
this research, superficial observations were made to detect the influence 
of exposure on the moisture content of the leaves 24 hours after the 
treatment. In all cases, the observed moisture content was less as the 
exposures were increased. 
The results of further work using more refined equipment and methods 
were prescnLed by Porterfield et a]^. (25). The exposure times and temper­
atures necessary to cause defoliation and desiccation (leaf kill) in 
cotton were determined. The results of preliminary attempts to desiccate 
grain sorghum and peanuts were presented in the same report. 
Hassan, Anderson and Hansen (26) studied the desiccation of potato 
vines and have reported some of their results. A number of thermocouples 
were mounted on a wooden support in such a way that they sensed the tem­
perature of the surrounding air. By passing the thermocouples through 
various flame patterns at several forward speeds, they determined, a 
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relationship between "peak surface temperature" and forward speed. 
"Peak surface temperature" was defined as the maximum temperature re­
corded by i8-gage chromel-alumel thermocouples. The results show that 
the peak surface temperature decreased markedly with increasing speed. 
This was an expected result since, contrary to their assumption that a 
thermocouple responds instantaneously to a temperature change, there is 
a time lag between the temperature shown on an indicating instrument and 
the actual changing temperature at any instant. This is due mainly to 
thermal lag in the thermocouple. Hence the reduced peak surface tempera­
ture recorded was due to the short exposure time rather than to a reduc­
tion in the actual temperature of the flame. Potato plants were exposed 
to several flame patterns by passing them through the flame at different 
speeds. It was not possible to determine the actual exposure time from 
the data presented and hence the actual time-temperature combinations 
that resulted in any given level of damage remain unknown. 
Several attempts have been made in the context of flame weeding to 
determine the temperature to which plant tissues must be raised and the 
time for which such a tissue temperature should be maintained to produce 
death of the cells. Most of the measurements made involved the use of 
temperature sensitive lacquers placed in the crop row. Such temperature 
measurements were necessarily approximate as pointed out by Hansen, 
Gleason and Hull (27) who used lacquers in their research with flame 
weeders. The errors introduced by using this measuring technique re­
sulted in an overestimate of the actual temperature of the plant cells. 
Hansen ej: aJ^. (27) concluded from research using this temperature measur­
ing technique that injury could be caused by raising the temperature of 
blueberry leaves to 175°F to 200°F for about 0.8 sec. This result may 
be compared with the work of Collander (18) and Yarwood (20). Collander 
(18) found that Brassica and Beta required exposure for approximately 
1.0 min. at l'+0°F to cause thermal death. He presented no data in the 
temperature range discussed by Hansen e± al. (27). Yarwood (20) found 
that bean leaves were injured by exposure to 150°F for less than 1.0 
sec. Such conflicting results may be partly due to differences in the 
thermal susceptibility of different plant species but are more likely 
due to differences between the experimental techniques used by the dif­
ferent researchers. The techniques were not sufficiently clearly re­
ported to enable further analysis and comparisons to be made between the 
results of the three groups. 
Matthews and Tupper (28) studied leaf temperatures and found that 
170^F was a lethal temperature for plants. They did not state the time 
for which this temperature was maintained in order to be lethal to the 
plant cells. 
As pointed out by Thomas (9), the "cell explosion theory" which was 
widely propogated at one time as an explanation for the mechanism of 
heat injury is no longer accepted by plant physiologists and the studies 
reviewed here confirm this conclusion. Yarwood (20) stated that he found 
no evidence of a translocated toxin as a result of experiments done in 
vitro. He presented evidence, however, that translocation of a toxin was 
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likely to occur ^  vivo and might provide an explanation for the mechan­
ism of heat injury. Such evidence consisted of observing that: (1) the 
signs of direct and indirect heat injury were similar; (2) the amount of 
either direct or indirect heat injury was reduced in rust-infected 
bean plants; (3) the effects of direct and indirect heat injury were 
additive; (4) the amount of translocated heat injury increased as the 
area of the heated leaf was increased relative to that of the unheated 
leaf. 
Determination of the Heat Sensitivity of Corn and Soybeans 
A knowledge of the extent of the damage caused to corn and soybeans 
by exposure to various combinations of time and temperature is a pre­
requisite for the rational design and development of a flame weeder. 
In particular, it is important to know how much exposure a plant can 
tolerate without suffering any economic damage. This investigation con­
centrated on determining the exposure that would cause only small amounts 
of damage to the plant rather than on determining the amount of exposure 
required to produce desiccation or leaf drop as was the objective of 
other researchers. 
Theoretical basis for the thermal death process 
A convenient mathematical model describing a process may not always 
be attainable. An attempt to find such a model, if it exists on purely 
theoretical grounds, should be made before designing any process. If 
such a model does not exist, a mathematical model can often be built 
from experimental data pertaining to the process or to similar processes. 
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An attempt was made to build such a model for the thermal destruction 
process in the context of flame weeding. The objective of this model-
building was to provide the designer with a decision rule to aid in de­
signing flame weeding equipment. In this connection, a simple model 
has obvious advantages over a more complex one but the dependability of 
the model must not be compromised for the sake of simplicity. 
The application of heat in destroying micro-organisms in food is 
discussed by Ball and Olson (29). In the context of food preservation, 
food technologists are concerned with the time-temperature exposures 
that cause complete destruction of all the organisms present. It has 
been found that, for a given kind of organism, there is no specific 
exposure time that results in death, at some given temperature, for all 
the organisms present. Instead, some percent of the original number 
of microorganisms survives any given amount of thermal exposure. When 
the expected number of organisms surviving becomes less than one, the 
"fraction of an organism" surviving is regarded as the probability of 
one organism surviving. It has been shown (29) that the percent of the 
initial number of bacteria that survive exposure at temperature T for 
time t is given by 
S = 10**kt^ 7 
where S is the percent surviving and k is a function of temperature, the 
nature of the organism and the environment. For a given organism in a 
^10**kt means 10^^. 
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given environment, T is the only variable affecting.k, so that 
k = f(T). 8 
Equation 7 now becomes 
S = 10**f(T)t 9 
or 
Log(S) = f(T)t 10 
If the function f could be identified, equation 9 would enable S to be 
expressed as a function of exposure time t and exposure temperature T. 
Ball and Olson (29) also discuss the destruction of the enzyme 
thiamine when it is subjected to various time-temperature exposures. 
They show contours of constant percent destruction of thiamine as time 
and temperature vary. Figure 26 is a reproduction of the constant per­
cent destruction contours. From inspection, it can be deduced that each 
contour is represented by an equation of the form 
where t is the exposure time, T is the exposure temperature, and b is 
a constant. The quantity bp represents the intercept on the log(t) 
axis and is different for each percent destruction D; that is 
An equation relating D, t and T is required to describe the re­
lationship between any given exposure and the amount of thermal 
damage resulting- If f(D) could be evaluated, equation 11 would serve 
the purpose. From further inspection of Figure 26, it may be deduced 
that bg is related to D by an expression of the form 
Log(t) = bg + bT 11 
bp = f(D). 12 
bp = nLog(D) + m 13 
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Ball and Olson (29). 
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This relationship holds for D less than about 30 percent but for larger 
values of D it changes. In equation 13, m is a constant. By substi­
tuting equation 13 into equation 11, equation 14 results. 
Log(t) = nlog(D) + bT + m 14 
or 
Log(D) = (log(t) - bT - m)/n 15 
and hence 
D = 10**((log(t) - bT - m)/n). 16 
Equation 16 may be written as 
D = (t**c^)(c2**T)c2 17 
where the c^ result from combining the constants of equation 16. 
It may be more convenient to think in terms of percent survival and, 
in that case, 
S = 100 - D 18 
where D is given by equation 17 and S is the percent survival. 
Equation 13 is an approximation but since it is reasonably ac­
curate in the region where D is small, it may provide a suitable model 
to describe the reactions of plants to thermal exposure because the 
region where D is large is of little interest to the present task since 
the present concern is to determine the exposures that crops can with­
stand. Nevertheless it could be speculated that bg is a function of the 
exposure time and, if a linear relationship is assumed, equation 13 
would become 
The symbol "/" means "divided by". 
86 
bg = nlogD + pt + m. 19 
Equation 15 then becomes 
logD = (logt - bT - pt - m)/n 2 0  
and equation 18 would become 
S = 100 - C2 (t**C2 )(c3**T)(Ci^**t). 21 
The assumption that bp is a function of time seems especially justifiable 
in the case of plants exposed for a short time to high temperatures when 
the warming-time for the plant is considered to be part of the exposure 
time. As the exposure time is reduced, the warming period becomes more 
important and the temperature reached by the tissues is reduced. There is 
no assurance that a linear function of t is correct and examination of ex­
perimental data is necessary to decide the importance of time in determin­
ing bg. 
The work of Porterfield et a 1. (25) in connection with desiccation and de­
foliation of cotton suggests that the contours of constant percent de­
foliation or desiccation could possibly be approximated by a hyperbola of 
the form 
If the nature of the q^, which vary with D, could be found in terms of D, 
an expression simpler than that of equations 15 or 20 might result. Such 
a model would have the simplicity that an 'exposure number', equal to the 
product of time and temperature,could be assigned to any given level of 
destruction of the plants. 
The reaction of plants to flame heating may or may not be described 
by one of the proposed models. Yarwood (20, 22) and Collander (18) found 
D = qo + qitT 22 
that a model like that of equation 11 fitted their data. There was a 
noticeable deviation from the model in some of Collander's data. This 
occurred at short exposure times and high exposure temperatures and was 
presumably the result of the relative increase in the effect of the heat­
ing and cooling periods. When the exposure time was long, the effects of 
the heating and cooling periods could be neglected as was shown by the data 
presented. The exposure times used by those researchers were often measur­
able in minutes rather than in seconds but Yarwood worked with some ex­
posure times less than 1.0 sec. Deviations from the model postulated in 
equation 11 were noticeable for thèse exposure times. 
Development of experimental equipment 
Equipment was required which would permit plants to be exposed to 
predetermined temperatures for predetermined times under controlled labora­
tory conditions. A laboratory rather than an out-door facility was chosen 
to remove climatic interference with the equipment and to enable the work 
to be done independent of the weather. Plants were provided for the ex­
periments by planting seeds in boxes fabricated from sheet metal and de­
signed to be carried by a cart (described later). The soil in the boxes 
was taken from a cultivated field. The plants for the first run with soy­
beans were grown in a greenhouse in April and those for corn and subsequent 
soybean runs were grown outdoors. 
The time-temperature exposures to which the plants were to be subjected 
varied from 0.1 sec. to 4.5 sec. and from 200°F. to 600°F. (see pages 97 
and 98 ). No attempt was made to reproduce the action of a flame weeder 
in the laboratory. The objective was to envelop the plants in heated air 
or a hot mixture of the products of LP-gas-combustion and air and, by 
studying the results, to determine the amount of temperature-control 
needed in the region over the air-curtain in the air-curtain flamer de­
scribed on pages 9 ^ seq. A reproduceable set of experimental conditions 
could then be established and equipment designed to provide these condi­
tions. 
The temperature history in the vicinity of a plant, as a flame weeder 
proceeds past it in the row, is largely unknown. It is probably subject 
to considerable variation depending on climatic conditions, soil surface 
conditions, weed infestation and on factors such as forward speed of the 
machine and burner setting which are under the control of the operator. 
An idealized concept of the behaviour of the temperature around a 
plant, as the area near it is flamed, is to assume that a step rise in 
temperature occurs and that the increased temperature is maintained for 
some time-period after which a step decrease in temperature occurs. Such 
a process does not exist in the field nor is it possible to produce such 
a process in the laboratory. However, this step function of temperature 
can be approximated by the use of a pair of air curtains arranged so that 
the plants pass through one air curtain, into a heating region and thence, 
through the other air curtain, back into the surrounding atmospheric con­
ditions. The time taken by the plants to traverse the heating region would 
determine the exposure time. Figure 27 shows the type of approximation 
of a step function achieved by using such a device the details of which 
are described below and are shown in Figures 28, 29 and 30. 
To provide a supply of heated air for the proposed heat-treatment of 
plants, two conventional liquid-propane burners (shown at 1 in Figure 28), 
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Figure 27. Approximation of step function of temperature as the plants passed from left to 
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Figure 28. Drawing of laboratory apparatus for thermal exposure of plants. An enlargement of 
each view is given in Appendix F, page 200. 
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of plants; the numbers correspond to those in Figure 
Figure 30. Cart with variable-speed drive, and a box of plants 
mounted in the carrying position. 
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manufactured by the Afco Flame Weeder Company, were used. These burners 
supplied heat to a mixing box 2 in which the flame from the burners was 
mixed with air forced into the mixing box by the fan 3. To keep the mass 
flow rate reasonably constant, the fan delivered 2,300 cu. ft./min. of air 
at ail times and the temperature of the resulting mixture was varied by 
•varying the pressure of the gas supply to the burners. The gas pressure 
was controlled by a pressure regulator and could be varied from zero psig. 
to 7 0 psig. 
The mixture from the mixing box 2 passed, via two curved ducts 4, to 
the region between the two air curtains. A bank of eight thermocouples 5 
was positioned in the control region between the air curtains and their 
output was recorded continuously for each experiment. 
Section A-A of Figure 28 shows, in dotted outline, the air curtain 
system. The fan 6 supplied air for the air curtain which was discharged 
at 7 and drawn across the entry to and exit from the control region by 
the action of a fan (not shown) the suction side of which was connected 
to the ducts 8. In section A-A, the air movement in the pressure side of 
the air curtain is indicated by arrows drawn in steady outline. The air 
movement in the suction side of the air curtain is shown by the solid 
arrows and that of the mixture to which the plants were to be exposed is 
indicated by arrows drawn in wavey outline. 
The boxes of plants were moved parallel to the orientation of the bank 
of thermocouples 5 and the top of the box was at the same height as the 
bottom horizontal wall of the ducts 4. The boxes were 1.5 in. narrower 
than the gap between the ends of the ducts 4 so that, when a box was in 
the control region between the air curtains, the surface of the soil in 
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the box formed a 'floor' in the control region and forced the air enter­
ing from ducts 4 to form an upward stream. The control region was thus 
bounded on two sides by the ends of the ducts 4 from which the hot mixture 
entered, on the remaining two sides by the air curtain and on the bottom 
by the box of soil. The top horizontal walls of the ducts 4 were terminated 
at 9 to allow a free escape of the heated mixture. Before this was done, 
the increased pressure in the control region due to the restriction on up­
ward flow, reduced the effectiveness of the air curtain as a heat barrier. 
It was necessary to force the heated mixture to flow upwards so that 
the leaves of the plants to be treated would not be blown down against the 
surface of the soil in the box. This would have interfered with the ex­
posure because the leaves would not have been free to be blown about in 
the turbulence of the impinging hot-air streams as happens in the air-
curtain flamer. 
The carrier frame for the thermocouples was arranged to allow them to 
be placed in any desired position in the control region. In Figure 27, 
they were arranged so that thermocouples number 1 and 8 were each 2 in. 
outside the side-walls of ducts 4 (Figure 28) and thermocouples number 2 
and 7 were exactly in line with the side-walls of ducts 4. The remaining 
four thermocouples were within the control region—numbers 6 and 3 were 
2 in. inside the side-walls of ducts 4 and numbers 4 and 5 were approxi­
mately 2 i-n. on either side of the center of the control region. Figure 
29 shows the general laboratory arrangement and the numbers correspond to 
those used in Figure 28. 
The exposure time was varied by varying the speed of a cart which 
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carried the box of plants as they passed through the region between the 
air curtains. The cart (see Figure 30) ran on rails 40 ft. long and the 
region of controlled temperature was located about 27 ft. from the end 
of the track at which the runs were started. The cart was powered by a 
motor from a 3/4 in. drill the speed of which was varied by means of a 
solid state speed control. The circuit for the speed control is shown in 
Figure 31. The speed of the motor was variable in both directions and the 
fine adjustment shown was necessary to enable the correct speed to be 
easily selected. 
The exposure time was monitored by transforming it into terms of the 
time interval between signals generated by the front and rear wheels of 
the cart as they passed over micro-switches set in the rails. The time 
between signals from the microswitches was recorded on a chart moving at 
a known speed and was equal to a constant multiple of the actual exposure 
time. The constant was the ratio of the length of the controlled-tempera-
ture region to the distance between the front and rear wheels of the cart. 
Four estimates of cart speed were obtained for each box of plants exposed 
because there were four microswitches on the rails. One was located about 
4 ft. from the entrance to the controlled region, the second was approxi­
mately 1 ft. from the entrance, the third was within the controlled region 
and the fourth was down-rail from the controlled region. 
The recorder used (see Figure 29) was an eight-channel machine 
equipped with an external-event marker and a 1-sec. timer. The 1 sec. 
timer generated a mark on the chart at intervals of 1 sec. and the external-
event marker was actuated by the microswitches. The nominal chart speeds 
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Figure 31. Circuit diagram for motor speed controller. 
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on the machine were Lound to be accurate and the 1-sec. timer was used to 
check the chart speed occasionally. The output from each thermocouple 
was fed to one of the eight recording channels. This equipment provided 
a permanent record of the time and temperature for each exposure. 
For each exposure-time, the required time interval between signals 
from the microswitches was calculated and the cart loaded with a dummy 
box of soil. The speed control was then set to give the proper exposure 
time. To enable the cart carrying the boxes to start and stop in a minimum 
length of rail, a coating of epoxy-resin paint and carborundum dust was 
applied to the rails to give improved traction. The control circuit in 
Figure 31 acted as a brake when the direction of drive was reversed. TWo 
speed-ranges were provided by having a choice of driving the cart axle 
directly from the motor as shown in Figure 30 or driving it through a 
speed reducer which is visible but not in use in Figure 30. The front 
and rear wheels were mechanically connected by means of a roller chain. 
This aided in acceleration and braking. The motor was mounted on a 3/16-
in. steel plate which was clamped to a similar plate on the cart by means 
of four large C-clamps. This facilitated the change from direct drive to 
drive through the speed reducer, which was necessary for some of the 
longest exposure times. 
The thermocouples used were the same ones used to measure the tem­
peratures around the air curtain in the air-curtain flamer and the thermo­
couple circuit shown in Figure 10 also applied to the laboratory apparatus. 
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Experimental investigation of the thermal injury process 
The times for which plants are exposed to heat in flame weeding are 
not known with certainty but their range can be estimated so as to be cer­
tain of including the actual exposure time. If the heat applicator of a 
flame weeder is 3 ft. long and the forward speed is 4 mph. the exposure 
time (neglecting and effects due to wind etc.) would be approximately 0.5 
sec. Therefore an upper limit of 4.0 sec. for the exposure time would 
confidently include the actual exposure time and similarly for a lower 
limit of 0.1 sec. Due to the shortness of the exposure times to be used 
in this experiment, it is to be expected that some deviations from the 
model postulated in equation 15 will be found. It may thus be necessary 
to include terms in the model to take these deviations into account as 
was suggested in equation 20. 
Experimental design The parameters and characteristics of the 
models suggested by equations 15 and 20 were determined by collecting data 
in an experiment designed by taking the nature of the proposed models into 
account. For convenience, equations 15 and 20 can be rearranged and 
written respectively as equations 23 and 24: 
LogD = bp + b^logt + bgT 23 
LogD = b^ + b^logt + b2T + b^t. 24 
Similar experimental design procedures were used for both corn and 
soybeans. Table 9 shows the time-temperature pairs used in the first run 
(Run I) with soybeans. The x's denote the experimental points. Because 
of the nature of equations 23 and 24, the times shown in Table 9 were 
chosen to have equally spaced logarithms to the base 10. The times and 
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temperatures were then coded as shown (the reason for this will be dis­
cussed later). 
The temperature range indicated in Table 9 was chosen because tempera­
tures above 600°F were seldom encountered using an air-curtain flame 
weeder as described in Chapter 4. The results of the first runs with both 
corn and soybeans required that this temperature range be modified and 
these modifications will be discussed as they arise. The time range se­
lected was also modified slightly as will be discussed later. The general 
principle of selecting the time scale to have equal increments on a loga­
rithmic scale was maintained throughout and no attempt was made to extend 
the temperature range beyond 1000°F because this approached the flame 
temperature used to kill weeds. Since this investigation was concerned 
with the time-temperature exposures that could be tolerated by corn and 
soybeans, temperatures known to cause death or severe damage were not in­
cluded in the range. 
Table 9. Experimental points in Run I with soybeans 
Time (sec.) 
Log time 
Coded log time 
0.15 
-0.824 
-2 
0.35 
-0.455 
-1 
0.83 
-0.083 
0 
1.92 
0.283 
1 
4.5 
0.653 
2 
Temper- Coded temp-
ature (°F) erature 
200 
300 
400 
500 
600 
-2  
-1  
0 
1 
9 
X 
X 
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Run I o£ the soybean experiment 
The combinations of time and temperature used in the first run of 
the experiment with soybeans were presented in Table 9 (page 98). The 
variable measured was the percent by weight of the sampled leaves that re­
mained green after all the injury effects had fully developed. The leaves 
were sampled 36 to 48 hours after exposure at which time the damaged tis­
sue was clearly visible. Each of the boxes in which the plants grew con­
tained three plants, one of which was selected at random as the plant from 
which to sample leaves. The soybean plants were 6 to 8 in. tall and had 
3 to 4 trifoliate leaves fully opened. Three leaves were removed from each 
plant; the newest fully opened trifoliate leaf, the oldest trifoliate leaf 
and the two unifoliate leaves which were considered as one leaf. 
Each leaf was analyzed separately; the leaflets were removed from the 
petiole at the junction of the petiole and leaflet. The damaged part of 
the leaflet was dissected away from the undamaged part and both parts 
were dried. The dry weight of the undamaged portion of the leaf (three 
leaflets) was expressed as a percent of the total weight of the leaf. 
This was the percent survival as used in all future discussion. 
In addition to measuring the percent survival, the average length 
and breadth of the three leaflets in each leaf were measured. The length 
was measured along the midrib and the breadth was measured perpendicular 
to the midrib at the widest part of the leaflet. These measurements were 
made because it was thought that the dimensions of the leaf might enter 
the mathematical model as a covariate. The results of Run I on soybeans 
are summarized in Table 10 where "100" denotes 100 percent survival and 
100 
"x" denotes survival between 0 and 100 percent. The symbol "000" means 
that no foliage survived the exposure. 
Table 10. Summary of results of Run I on soybeans 
Time (sec.) .15 .35 .83 1.92 4.5 
Temperature 
(°F) 
200 100 100 X  
300 100 X  
400 100 X  000 
500 100 000 
600 100 X  000 
Discussion of Run I on soybeans and design of Run II 
The data in Table 10 show clearly that the time-temperature combina­
tions used in Run I sampled too large a vector space because so many of 
the treatments resulted in either 100 percent or 0 percent survival of the 
bean foliage. While this impaired the usefulness of the data for esti­
mating the parameters of the model, it helped in selecting the portion of 
the vector space to be sampled in Run II. 
Because only four of the 13 experimental points in Run I resulted in 
a percent survival between 0 and 100, only 12 pieces of data were available 
to estimate the parameters of the model - three leaves from each plant. 
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The remainder of the information could not be included because it may 
have represented points far outside the vector space being investigated. 
Figure 32 shows hypothetical survivor curves to illustrate why some data 
from Run I were considered suspect. The time-temperature pairs involved 
may have been situated well above the zero percent line or well below the 
100 percent line. These lines are the boundaries of the relevant vector 
space. 
Table 11 shows how the data from Run I were used to select the sample 
points for Run II. The sample space for Run II included the region con­
taining the x's in Table 10 and two points at 700°F were added to extend 
the temperature range upward as suggested by the outcome of Run I. The 
4.5 sec.-200°F point was included to check its repeatability because the 
recording equipment was inadvertantly not turned on during this treatment 
although the desired time and temperature had been preset. The sample 
points for Run II are given in Table 11 along with the summarized results 
of Run II. The leaf sampling procedure used to determine thermal injury 
in Run II was identical to that used in Run I as described on page 99. 
Table 11. Sample points and summary of results for Run II on soybeans 
Time (sec.) 0.144 0.240 0.400 0.660 1.090 1.820 3.000 4.500 
Coded log time ^^3 -2 -1 0 1 2 2.77 
Temper- Coded temp-
ature (°F) erature 
-200  
300 
400 
500 
600 
700 
-2  
- 1  
100 100 X 
100 100 X  
0 
1 
2 
X  
X  
X  
X  
000 
X  
000 
3 100 X  
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100*/» destruction 
U) 
100 "/o survival 
Increasing temperature 
Figure 32. Hypothetical contours of complete survival and 
total destruction. 
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Design and procedure of Run III on soybeans 
Since the sample points used in Run II were not the same as those 
used in Run I, the experiment, though repeated, was not replicated in Run 
II. The same applies to Run III and a new set of sample points was chosen 
based on the outcome of Run II. A procedure similar to that used to se­
lect the sample points in previous runs was used. The sample points for 
Run III are given in Table 12 together with a summary of the results of 
Run III. All the treatments caused some thermal damage to the plants; 
none resulted in either complete kill or complete absence of damage. 
Table 12. Time-temperature pairs used as experimental points in Run 
III with soybeans 
Temp. (°F ) Time (sec.) 
1#4 .24 .4 .66 .8 1.09 1.3 1.82 
300 X  
400 X X  X  
500 XXX X 
600 XX X :c 
7 00 XX 
800 X  X X  
The times and temperatures selected as exposure pairs in Runs I and 
II were spaced and coded so as to provide orthogonality among the inde­
pendent variables in the regression analysis planned. The use of the coded 
values was not possible because the exposure times and temperatures could 
not be controlled sufficiently accurately and there was no assurance that 
variations about the predetermined values would be random. Thus, in se-
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lecting the experimental points for Run III, a linear logarithmic spacing 
of the time values was used, with the exception of the points at 0.8 sec. 
and 1.3 sec.; these points were chosen during the experiment, based on the out­
come of some o£ the preselected treatments. All the time-temperature pairs 
shown as experimental points on Table 12 are nominal and an attempt was 
made to adhere to those points. The actual times and temperatures con­
stituting the exposures in Run III were recorded and are given in Figure 
33 where the actual times and temperatures for the sample points in the 
other runs are slso shown. Figure 33 also shows the percent survival as­
sociated with each treatment. 
The procedure for sampling leaf damage in Run III was not the same as 
that used in the other two runs. This was because the pair of unifoliate 
leaves sampled in Runs I and II was damaged by hail and wind in the case 
of the plants grown for Run III. Their physical shape was thus changed 
which made them respond differently to heating; there were areas of dead 
tissue present in the leaves before the heat treatment which made it im­
possible to distinguish the damage due to heat. The reasons for this change 
in procedure will become more apparent when the visible results of the 
treatments are described in the next section (see page 107). Therefore, 
instead of the sampling method used for Runs I and II, two plants were 
chosen at random from each box in Run III. The three fully opened, tri­
foliate leaves nearest the top of the plant were removed from each of the 
two plants chosen and they were then treated in a manner similar to that 
used to determine the damage in Runs I and II. As in the case of Runs I 
EXPOSURE TIME EXPOSURE TEMP. PERCENT EXPOSURE TIME EXPOSURE TEMP. PERCENT 
I  SEC.I (DEG. Fl SURVIVAL ISEC.) tOEG. F) SURVIVAL 
1  1.030  563  9 .22  7  1 .870  300  100 .00  
2  1 .030  563  6 .90  8  1 .870  300  56 .92  
3  1 .030  563  15 .09  9  1 .870  300  77 .12  
*  1 .010  393  100 .00  10  4 .750  182  79 .07  
5  1 .010  393  83 .93  11  4 .750  182  15 .58  
6  1 .010  393  95 .89  12  4 .750  182  48 .22  
RUN I 
1 0.67C 422 9.22 24 0.391 507 98.73 
2 0.670 422 6.90 25 0.405 312 100.00 
3 0.67C 422 15.09 ?6 0.405 312 100.00 
4 0.550 589 100.00 27 0.405 312 100.00 
5 0.550 589 83.93 28 0.610 202 100.00 
6 0.550 589 95.89 29 0.610 202 100.00 
7 1.280 507 100.00 30 0.610 202 100.00 
8 1.280 507 86.92 31 1.060 323 100.00 
9 1.280 507 77.12 32 1.060 323 100.00 
10 1.853 375 79.07 33 1,060 323 100.00 
I I  1.853 375 15.58 34 1.748 594 0.00 
12 1.853 375 48.22 35 1.748 594 0.00 
13 2.937 296 100.00 36 1.748 594 0.00 
14 2.937 296 100.00 37 1.740 201 100.00 
15 2.937 296 97.67 38 1.740 201 100.00 
16 4.400 197 96.90 39 1.740 201 100.00 
17 4.400 197 88.79 40 3.216 674 0.00 
18 4.400 197 94.39 41 3.216 474 0.00 
19 0.223 745 76.06 42 3.216 474 0.00 
20 0.223 745 57.55 43 0.139 755 100.00 
21 0.223 745 55.48 44 0.139 755 100.00 
22 0.391 507 42.99 45 0.139 755 100.00 
23 1.853 375 16.65 
RUN II 
Figure 33. Exposure and percent survival data for soybeans 
EXPOSURE TIME EXPOSURE TEMP. PERCENT EXPOSURE TIME EXPOSURE TFMP. PERCENT (SEC.) (DEC. FÎ SURVIVAL (SEC.) lOEG. F) suPvrvAL 
1 0.412 605 97.08 5? 1.81% 485 2.23 
2 0.412 605 96.29 53 1.818 485 2.04 
3 0.412 605 94.81 54 i.ftie 485 0.00 
4 0.412 605 99.40 55 0.385 702 97.27 
5 0,412 605 97.40 56 0.385 T02 94. IB 
6 0.412 605 92.57 57 0.385 702 87.95 
7 1.888 295 91.39 58 0.385 702 98.47 8 1.888 295 93.89 59 0.385 702 87. 89 
9 1.68R 295 92.77 60 0.385 702 91.10 
10 1.888 295 95.98 61 0.392 627 100.00 
11 1.888 295 94.38 62 0.392 627 98.89 
12 1.888 295 94.06 63 0.392 627 98.74 
13 0.412 724 85.90 64 0.392 627 99.13 
14 0.412 724 22.27 65 0.392 627 98.60 
15 0.412 724 58.02 66 0.392 6?7 94.42 
16 0.412 724 92.77 67 1.077 416 100.00 
17 0.412 724 43.22 68 1.077 416 94.92 
18 0.412 724 21.39 69 1.077 416 91.91 
19 1.063 496 74.13 70 1.077 416 100.00 20 1.063 496 69.03 71 1.077 416 94.74 
21 1.063 496 44.21 72 1.077 416 91.94 
22 1.063 496 50.97 73 0.129 86? 99.57 
23 1.063 496 64.29 74 0.129 [ 862 98.64 
24 1.063 496 29.66 75 0. 129 862 98.32 
25 0.245 713 99.36 76 0.129 862 100.00 
26 0.245 713 98.13 77 0.129 862 100.00 
27 0.245 713 96.07 78 0.129 862 98.32 
28 0.245 713 100.00 79 0.238 787 98.95 
29 0.245 713 100.00 80 0.238 787 96.91 
30 0.245 713 98.49 81 0.238 787 94.70 
31 1.315 412 77.52 82 0.238 787 100.00 
32 1.315 412 84.19 83 0.238 787 98.28 
33 1.315 412 61.44 84 0.238 787 97.31 34 1.315 412 85.30 85 0.615 595 91.10 
35 1.315 412 86.76 86 0.615 595 82.76 
36 1.315 412 71.45 87 0.615 595 77.09 37 0.881 507 87.05 88 0.615 595 92.78 
38 0*361 507 07.90 89 0.615 595 82.41 
39 0.881 507 68.11 90 0.615 595 90.96 
40 0.881 507 13.47 91 0.783 495 93.94 
41 0.881 507 41.96 92 0.783 485 94.39 
42 0.881 507 80.62 93 0.783 485 92.35 43 1.853 407 37.22 94 0.783 485 93.79 
44 1.853 407 10.79 95 0.783 485 92.85 
45 1.653 407 10.65 96 0.783 485 90.49 
46 1.853 407 30.66 97 1.063 616 2.64 
47 1.853 407 11.24 98 1.063 616 9.65 
48 1.853 407 6.70 99 1.063 616 4.00 
49 1.818 485 6.16 100 1.063 616 10.53 50 1.818 485 2.38 101 1.063 616 IB.94 
51 1.818 485 2.31 102 1.063 616 6.49 
RUN III 
Figure 33. (Continued). 
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and II, all three leaflets were dissected and weighed as parts of the same 
leaf. 
Visual observations on the effect of heating soybeans 
Run I The temperatures used varied from 200°F to 600°F and, when 
the exposure time was 0.35 sec. or less, no damage was caused to the bean 
plants at any temperature (see Table 10). An exposure of 0.83 sec. at 
2 00°F caused no damage. When the temperature was 400°F or higher, ex­
posures of 2.0 sec. or more caused total destruction of the leaves. 
A box of plants treated at 500°F for approximately 2.0 sec. con­
tained smartweed and pigweed^ plants about 4 in. tall; these weeds wilted 
immediately after the treatment but the damage to the bean plants was less 
spectacular and not until 24 hours after the treatment did it become evi­
dent that the entire foliage of the bean plant had been killed. Seven 
days after the treatment new leaves originated from buds in the axils of 
the dead leaves on both weeds and soybeans. The rolled leaves of the 
grasses also survived though the fully opened leaf blades were destroyed. 
An exposure of 4.5 sec. at 400°F also caused complete death of the 
bean foliage but new leaves eventually formed in the leaf axils. The 
leaves and petioles completely lost their turgidity about five minutes 
after the treatment and had dried crisp 24 hours later. The weeds and 
grasses were less than 2 in. high and did not survive the treatment. 
Soybeans exposed to 530°F for 4.5 sec. lost their turgidity imme­
diately and the general effect was similar to the exposure at 400°F de­
scribed above but more severe and spectacular. The axial buds eventually 
^See Appendix C for botanical names. 
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formed new foliage but its development was slower than after exposure at 
400°F. 
When beans were exposed to 600°F for 0.83 sec., they suffered severe 
damage and, after 24 hours, only the proximal part of the leaflet midrib 
and some leaf tissue near it had not died. The effects of the treatment 
did not become apparent on the bean plants until 30 min. after the appli­
cation. There were 6-in. high smartweeds in the box and, 5 min. after 
being heated, their lower leaves wilted; all the leaves on 2.5-in. high 
smartweed wilted almost immediately after heating. When 20 min. had 
elapsed, all but the new leaves at the terminal buds of the 6-in. smart-
weeds showed signs of wilting and injury. The bean plants and the larger 
weeds survived the treatment and eventually formed new foliage in the 
axial buds. 
When the exposure was 400°F for 0.83 sec., slight damage was caused 
to the soybean plants. The damage began to appear about 4 hrs. after the 
treatment was applied when a light green (by comparison with normal leaf 
color) fringe developed around the edges of the two unifoliate leaves. 
After 24 hrs., a similar discoloration appeared on the lowest trifoliate 
leaf; no damage was caused to any other leaves. Smartweed seedlings about 
1 in. tall were present and, 20 min. after the exposure, their lower leaves 
developed a slight loss of turgidity. These leaves were about 3/8 in. long. 
Exposure at 300°F for 1.92 sec., caused effects similar to the ex­
posure at 400°F for 0.83 sec. described above. Clearly visible,light 
green borders developed on the two lower leaves 5 hrs. after exposure. 
After 24 hrs., the lowest and next to lowest, trifoliate leaves developed 
similar signs. No other damage was caused. 
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Similar light green borders appeared on all the fully developed leaves 
of soybeans exposed to 200°F for 4.5 sec. In this ease, the discoloration 
appeared on the lowest leaves 1 hr. after exposure and could be seen on 
the upper leaves after 2k hrs. The leaves unfolding from the terminal 
bud were not damaged. Smartweeds, 2.5 in. high, showed signs of wilting 
1 hr. after the treatment. 
In general, older leaves were more susceptible to heating than younger 
leaves. This was observed in both weeds and soybeans. The damage to 
leaves that were not completely killed was confined to the area near the 
borders and the parts of the leaf surviving were always close to the midrib. 
This was expected because the specific surface of the leaves was relatively 
higher at the edges than near the leaf center and thus afforded better 
conditions for heat transfer, into the. leaf, per unit weight of leaf tis­
sue. The first leaves formed on pigweed and smartweed seedlings were 
elongated and narrow and thus were easily damaged. Similarly, the long 
narrow leaf blades of grass plants provided conditions suitable for high 
heat transfer per unit weight of leaf blade and such tissues were easily 
injured by heat. On the other hand, the rolled leaf sheath of grasses had 
a shape that impeded heat transfer and this explains the difficulty of in­
juring any part of a grass plant, by a short exposure to heat, except the 
exposed leaf blades. 
In all cases where partial injury resulted from the treatment, it was 
observed that the lowest pair of leaves, or the pair of unifoliate leaves, 
were more susceptible to heat damage than the trifoliate leaves growing 
further up the stem of the soybean plant. The sensitivity of the leaves 
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to heating decreased from the lowest to the highest leaves and, except 
when all the foliage was decisively killed by the exposure, the small, 
newly-unfolded leaves near the top of the plants suffered little or no 
damage from the thermal exposures used. This suggests that soybeans could 
be flamed in such a manner as to kill small weed seedlings when the pair of 
unifoliate leaves had fully formed on the beans and the first trifoliate 
leaf was in the bud stage or shortly thereafter. If the exposure was not 
too severe, only the two unifoliate leaves would be injured; the possible 
effects of injuring or removing these and other leaves from the soybean 
plant are discussed on page 167. 
Run II Observations on the effects of exposure of the second batch 
of soybean plants were made 36 hours after the treatments were applied. 
The observations made in Run I concerning the susceptibility differences 
among different leaves on a bean plant were confirmed in Run II. The re­
sults of Run II are summarized in Table 11 (page 101). 
The effects of the treatments used in Run II, on the weeds that grew 
in the boxes with the bean plants, were observed 48 hours after the treat­
ments were applied. No attempt was made to collect quantitative informa­
tion on weed reactions to the thermal exposures. 
An exposure of 4.5 sec. at 200°F killed grass leaf blades for 2 to 
3 in. back from their tips. Soybean leaves and the leaves of pigweed 
seedlings were slightly damaged. Exposure at 200°F for 1.82 sec., caused 
some damage to grass leaves but no damage to broadleaf plants (including 
the soybeans). No injury was noted on any plants exposed to 200°F for 
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0.66 sec. 
At 300°F , a 3-sec. exposure injured 2-in. grass plants very severely 
and killed smartweed and pigweed seedlings that were 1.5 in. high. The 
soybean plants were severely damaged. A 1-sec. exposure to 300°F caused 
a distinct leaf-blade damage to grass and leaf-edge injury to the leaves 
of soybean plants. The exposure to 300°F for 0.4 sec. produced no damage 
on any plants. 
When soybean plants were exposed to 400°F for 1.82 sec., severe 
damage resulted. In general, the effect on weeds was similar to that de­
scribed in the previous paragraph for the 300°F-3-sec. exposure. Exposure 
to 400°F for 0.66 sec. produced slight leaf-edge injury to grass and broad-
leaf weeds; only the unifoliate leaves on the soybean plants were damaged. 
At 500°F, a 3-sec. exposure killed all the bean and broadleaf-weed 
foliage. Most of the above-ground parts of grass plants were killed but 
some tissue survived in the center of the rolled leaf-sheaths and regrowth 
began. An exposure of approximately 1.0 sec. at 500°F killed the leaf 
blades of grasses and broad-leaf weeds 1.5 in. high; neither showed any 
signs of recovery. 
At 600°F, all the bean foliage was killed in 1.82 sec., while at the 
same temperature, distinct leaf-edge injury was caused to grass and broad-
leaf plants (including soybeans) in 0.66 sec. 
Exposure at 700°F for 0.24 sec. caused only the unifoliate leaves of 
the soybeans to be damaged and the tips of grass blades were slightly in­
jured. Exposure for 0.15 sec. at 700°F caused no damage to soybeans and 
only slight damage to grass leaves. 
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It was observed that, in all the runs, the older leaves of bean 
plants were more easily injured by a thermal exposure than were the leaves 
closer to the top of the plant. Ihis may be due to physiological differ­
ences (such as moisture content) between leaves of different ages but 
there is good reason to believe that it may also be due to different heat 
transfer properties among leaves of different ages. The younger leaves 
of the soybeans plants and especially the newly opened trifoliate leaves, 
were distinctly glaucous on the soybean variety used in the experiment 
(Hawkeye). The leaves became progressively less glaucous as they aged. 
The presence of the dense hairs on the surfaces of the young leaves could 
assist in maintaining a layer of stagnant air near the surface of the leaf 
and this would slow the rate of heat transfer considerably. The older the 
leaves became, the less protection they had since the hairs on the leaf 
were less dense. 
Laboratory techniques in determining the percent of the soybean leaves 
surviving 
Figure 34 shows the general appearance of a thermally injured soybean 
leaf. This photograph was taken with light transmitted through the leaf by 
placing it on the frosted glass of a light box. The dark areas of the leaf 
are those injured by the exposure indicated and they appeared light green 
when viewed with reflected light as described on page 108. As shown by 
Figure 34, the injured areas were more opaque than the uninjured areas. 
Some isolated areas of thermal injury may be seen between the veins in the 
leaflets. In general, the regions of the leaflet close to the veins and 
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1.06 sec 497 °F 
Figure 34. Photograph taken with light transmitted through an in­
jured soybean leaf; the injured regions are darkest. 
1.06 sec. 497 T 
Figure 35. Method of dissection of thermally injured soybean 
leaves. 
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particularly those close to the midrib, were least easily damaged. This 
can be explained, at least partially, by remembering that the leaf surface 
area per unit weight of tissue, is less near the veins because the leaf 
is thicker here than in the intervenal regions. Hence, the temperature 
attained in those tissues could be expected to be less, for the same 
exposure, than that attained in the regions where the leaves are thin. 
The difference in translucence between the injured and uninjured re­
gions was used to aid in dissection of the leaves after treatment. The 
dissection was done over a light box with a frosted glass top. Figure 35 
shows the general appearance of the material before and after dissection. 
The leaves shown in Figure 35 were determined to have approximately 50 per­
cent survival. In some cases, the injured portions of the leaves had 
dried out and become brittle before they were dissected. These leaves 
were made flaccid again by soaking them in water for a short time before 
dissection. 
The leaf in Figure 36 shows the typical marginal injury which appeared 
as the light-colored area close to the leaf margins. This leaf is one of 
the unifoliate leaves of a soybean plant and had been exposed for 1.87 
sec. to 300°F. The cotyledon leaf appearing in Figure 36 suffered no 
damage and, as a general rule, only the most severe treatments damaged 
the cotyledons which suggests that the possibility of flaming soybeans 
during or shortly after emergence should be investigated. 
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Figure 36. Leaf-edge injury on a unifoliate soybean leaf as 
a result of exposure to 300°F for 1.8 sec.; 
injured regions appear lightest in color. 
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Regression analysis of the thermal exposure data from soybeans 
Since there were three different sets of data from plants grown and 
treated under three independent sets of circumstances, the estimates of 
the parameters of the thermal damage model from one set of data were inde­
pendent of the data in the other two sets. Therefore, if the model from 
one set of data predicted the observations in another set of data, it could 
be considered to be a good model provided that the correlation between the 
predicted and observed values was acceptable and that the mean difference 
between predictions and observations was essentially zero. Both of these 
conditions are important because a high correlation could exist between 
two response surfaces of almost the same shape even though there existed a 
large but relatively constant difference between the heights of the surfaces 
at every point. If the model from any group of data predicted the observa­
tions in an independent set of data with reasonable accuracy, the two sets 
of data could justifiably be pooled and the parameters of the model esti­
mated from the pooled data. 
The nature of the term "predicting" should be clearly understood to 
mean that, on the average, the correct value is given. As is characteris­
tic of biological material, large deviations from the mean may be expected 
to occur in the present data. This means that the outcome of a single ex­
posure may not be predicted with any great accuracy but that the prediction 
will be correct for the mean of several repetitions of the same exposure. 
In the context of the present problem of designing a flame weeder, the 
predicting model should estimate the result of any thermal exposure such 
that, when this estimate is combined with a suitable factor of safety, a 
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satisfactory result can be obtained almost all the time. This is common 
practice in engineering because the designer usually knows only what will 
happen on the average and he provides for the unexpected by incorporating 
a factor of safety in the design procedure. The magnitude of the factor 
of safety is determined by the information available about the variability 
of the process and the seriousness of an adverse result should one arise. 
The information presented by Ball and Olson (29) suggests that the 
thermal destruction of plant material could be described by an equation 
of the form 
Log(D) = b^ + b^log(t) + b^T 23 
Equation 23 is a slight rearrangement of equation 15 (page 85). Another 
possible model was suggested in equation 2 0 (page 86) which may be re­
arranged as 
Log(D) = b^ + b^log(t) + b2T + b,t 24 
The soybean data were presented in terms of percent survival in 
Figure 33. The outcome of the three runs was summarized in Tables 10, 11 
and 12 where it can be seen that Run I contained many points which resulted 
in either zero or 100 percent survival. These data have been omitted from 
Figure 33 and the data from Run II have been grouped into 24 pieces of 
data where the percent survival was between zero and 100 percent and a 
further 21 pieces of data where the percent survival was either zero or 
100 percent. If data from exposures causing no damage were included in 
the analysis, a false representation of the thermal damage process could 
result because the particular time and temperature constituting the ex­
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posure may have been far below those required for even small amounts of 
damage. Figure 32 (page 102) shows a hypothetical zero and 100 percent 
survival contours; the data points to be included in the analysis should 
lie in the region between these contours or exactly on the contours. As 
a result of the regression analysis, it may be possible to decide that 
some of this data should be included. 
The bj^ of equations 23 and 24 were calculated by the conventional 
least-squares regression procedure for each of the three runs. The data 
were pooled and the parameters of the pooled model were calculated. The 
regression analyses are given in AppendixD and they are summarized in 
Table 13. The information in Table 13 resulted when the zero and 100-
percent-survival data were omitted from the calculation of the model for , 
Run II and the pooled model. Table 13 shows that the coefficient of t in 
equation 24 was significantly greater than zero for Run II and for the 
2 pooled data but not for Runs I or III. The quantity R is the coefficient 
of determination associated with fitting the models to each set of data. 
It represents the fraction of the total sum of squares of log(D+l) that 
were accounted for by fitting the models. The quantity log(D+l) was used 
to avoid the occurrence of log(O) since, in many instances, D was zero 
for some of the leaves sampled on a given plant while other leaves were 
damaged. 
Because the coefficient of t (b^ in equation 24) was significantly 
greater than zero for the pooled data, the model represented by equation 24 
was used as the predictor for the information presented in Table 14. Table 
Table 13. Summary of regression analysis on soybean thermal injury data 
Parameter Data grouping 
Run I Run II Run III Pooled 
+ ta 
-t + t -t + t -t + t -t 
-2.558 -2.523 -.478 -1.742 -1.555 • 1.838 -1.474 -1.900 
bl 2.62 9 4.019 4.845 3.148 4.231 3.817 4.233 3.668 
b2 .00755 .00787 .00521 .00585 .00629 .00627 .00618 .00631 
b3 .225C -.631 -.2543^ . -.268 • 
.638 .632 .7 98 .620 .778 .772 .746 .710 
R .799 .795 .893 .787 .882 .87 9 .863 .842 
^+t indicates that a linear term in t was included in the model; -t indicates that no linear 
term was included . 
'^See equations 23 and 2 4, page 117. 
^The T-test statistic shows no evidence that these coefficients were not zero. 
Table 14. The performance of calculated models when used as predictors 
Data group 
from which 
model was 
derived 
Data group predicted 
Run I Run II Run III 
R R 
Pooled 
R 
Run I 
Run II 
Run III 
Pooled 
.918 
^28 
.861 
.856 
4.1 
15.0 
1 8 . 1  
17.6 
,360 
,609 
,648 
.653 
-.71 
6.3 
8 . 1  
7.6 
.7 07 
.849 
.834 
.837 
-24.0 
-3.1 
. 9 
.47 
, 647 
,787 
,780 
^83 
-17.4 
.12 
3.7 
3.2 
^The data where D was either zero or 100 have been excluded from this analysis. 
121 
14 shows the simple correlation between Se (the predicted percent sur­
vive) and S when the models from each grouping of the data (left column 
of Table 14) were used to predict the observations in other groupings 
(top row, Table 14). The quantity d is the mean difference between Se 
and S. Except for the entries on the principal diagonal of Table 14, 
the predicting model was independent of the data it predicted. When 
the model predicted pooled data, only some of the predictions were inde­
pendent of the model. The correlation between Se and S is the same as the 
correlation between De, the predicted percent destroyed, and D because 
they differ by a constant. This is not the same as the correlation be­
tween the predicted log(D+l) and the observed log(D+l) because taking the 
logarithm of a number is a nonlinear transformation of the number. Thus, 
the correlation between the predictions and observations of S, within 
the data group from which the model was derived, is not necessarily equal 
to the square root of the coefficient of determination shown in Table 13 
for that data group. 
When a model predicted independent data well, there was justification 
for pooling that data with the data from which the model was derived since 
it could be assumed that both sets of data came from the same population. 
The goodness of the predictions was indicated by the parameters R and d 
in Table 14. The quantity R tells whether the predicted response surface 
was approximately the same shape as the true response surface. The quanti­
ty d tells whether the predicted and true response surfaces (given that 
they were approximately similar in shape) were the same height. If the 
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model were a good predictor, S would tend to deviate randomly from Se 
and the expected value of d would be near zero. When the predicting 
model is independent of the data predicted, a "t" test-statistic may be 
used to test whether £ is significantly different from zero. 
Inspection of the values of R and £ in Table 14 shows that the 
model from Run I was a poor predictor for the data in the other two runs 
and for the pooled data. Run I was not accurately predicted by any of 
the models based on data independent of the Run I data. The response 
surfaces for Runs I, II and III are shown in Figures 37-39. These sur­
faces were plotted by allowing t to vary from 0.1 to 2.0 sec., in steps 
of 0.1 sec, and allowing T to vary from 200°F, in steps of 50°F to 1,000°F. 
The equation for the surfaces is 
S = 101 - 10**(bo + b^log(t) + bjT + b;t).. 25 
Equation 25 is a rearrangement of equation 24 in which (100-S) was sub­
stituted for D. The quantity 101 in equation 25 arises because of the 
use of log(D+l) as the independent variable in the regression analyses 
(see page 118). The values of b^ in equation 2 5 were obtained from Table 
13. Figures 40-42 show contours of constant percent survival generated 
by using the b^ of Table 13 and equation 26 
T = (log(lOl-S) - bg - b^log(t) - b^t)^^ 2b 
The percent survive, S, was set at 50 for the first contour and t was in­
cremented from 0.1 to 2.0 sec. in steps of 0.1 sec. For each value of t, 
equation 26 was solved for T. The resulting pairs of t and T were plotted 
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Figure 40. Contours of constant percent survival calculated from regression equation of Run I 
of soybeans. 
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Figure 41. Contours of constant percent survival calculated from regression equation of Run II 
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Figure 42. Contours of constant percent survival calculated from regression equation of Run III 
of soybeans. 
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to obtain the contours for 50 percent survival; S was then incremented to 
60 percent and the information to plot the 60 percent-survival contour 
was generated. The process was repeated for S = 70, 80, 90 and 100 
percent survival. 
The difference between Run I and the other two runs is reflected in 
the difference between Figure 37 and Figures 38 and 39. It is also re­
flected by the difference between the contour plot for Run I in Figure 40 
and those shown for the other runs in Figures 41 and 42. The plants of 
Run I were more sensitive to heat than those of the other runs and hence 
S was overestimated when Run I was predicted by another model. 
The model calculated from Run I was based on 12 pieces of data, 
that from Run II was based on 24 pieces of data and that from Run III on 
102 pieces of data. When a model is based on a set of data points it 
tends to reflect the peculiarities of the particular set. If the data 
set is representative of the population to which it belongs, the model 
will be representative of the population. Models from small data sets 
are not likely to represent the parent population well because they are 
based on little information. It is therefore not surprising that the 
model derived from the data of Run I was not a good predictor of the data 
in Runs II and III. 
Figure 43 shows the region of the time-temperature space sampled by 
each of the three runs. It shows that the sample space for Runs II and III 
had a large region in common with each other but that the space for Run I 
had Little in common with them. This, in addition to the small amount of 
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information on which the model for Run I was based, is a likely explana­
tion for the apparent difference between Run I and the remaining two runs. 
The fact that the plants for Run I were raised in a greenhouse may also 
have had an effect on their response to heat. 
The response surface for the model derived from the pooled data 
is shown in Figure 44 and the contours of constant survival are shown in 
Figure 45 for the pooled model. As would be expected, the pooled model 
reflected the characteristics of the data from Run III because 102 of the 
138 data points used came from Run III. 
Examination of the values of Se predicted by the pooled model showed 
that, when S was over 90 percent survival, the prediction was always 
within about 5 percent of the observed values. This meant that the model 
represented the data near 100-percent-survival contour accurately and 
could therefore be safely used for design purposes. To investigate this 
point further, the data where S was over 90 percent survival but less than 
100 percent survival were pooled from all runs and the parameters of 
equation 24 were calculated from this grouping of the data. The coeffi­
cient of determination for the regression analysis was 0.718 and the F-
test statistic indicated that this corresponded to a highly significant 
reduction in the sum of squares. The data where S was 100 percent sur­
vival were excluded from the grouping because the objective was to identify 
the 100-percent-survival contour and only those points known to be on the 
contour at which thermal injury begins should be included in the sample 
space. There was no certain way of knowing when a data point for which 
the survival was 100 percent was in a state of incipient thermal injury 
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Figure 45. Contours of constant percent survival calculated from regression equation of pooled 
soybean data. 
134 
and, since there were numerous data points where S was between 95 and 
100 percent survival, all the 100-percent-survival points were discarded. 
This meant that the model would have to be extrapolated beyond the time-
temperature-percent-survival space from which it was derived but the 
amount of extrapolation would be small. 
The correlation between the predicted and observed values of S was 
0.754 and d was -0.36. The model parameters were based on the 57 pieces 
of data shown in Figure 46. The predicted values of S are shown along 
with the observed values of S in Figure 47 « The numbers in Figure 47 
have been rounded to whole numbers because the variability in the data 
was such that predicting the percent survival to an accuracy beyond whole 
numbers has no meaning. The contours for 90, 95 and 100 percent survival 
were calculated from the following equation and are shown in Figure 48. 
Log(lOl-S) = 0.2345 + 1.93231og(t) + 0.002052T - 0.28515t 27 
The constants in equation 27 were obtained from the regression analysis 
of the data in Figure 46 and should therefore not be used outside.the 
range of this data. By comparing Figure 48 with Figure 45, it can be seen 
that the estimate of the 100 percent survivor contour, given by equation 
27, indicates that the soybeans were more sensitive to thermal exposure 
than was indicated by the model based on all the pooled data (Figure 45). 
On the other hand, the 95 and 90 percent contours, derived from equation 27 
and shown in Figure 48, indicate that the soybean plants were less sensi­
tive than was indicated by the pooled model as shown in Figure 45. The 
mean of the observed data used to derive equation 27 was 95.7 percent 
survival indicating that the 95 percent survival contour can be viewed 
EXPOSURE TIME EXPOSURE TEMP. PERCENT 
(SEC.)  (DEG, F)  SURVIVAL 
EXPOSURE TIME 
(SEC.)  
EXPOSURE TEMP. PERCENT 
(DEG. F)  SURVIVAL 
1  1.010 393 95.89 30 0 .385 702 91.10 
2 0 .670 422 97.87 31 0 .392 627 98.89 
3 0 .550 539 96.90 32 0 .392 627 98.74 
4  0 .550 589 94.39 33 0 .392 627 99.13 
5 4 .400 197 95.27 34 0 .392 627 98.60 
6 4 .400 197 98.50 35 0 .392 627 94.42 
7 4 .400 197 96.57 36 1 .077 416 94.92 
8 0 .223 745 95.90 37 1 .077 416 91.91 
9 0 .391 507 98.73 38 1 .077 416 94.74 
10 0 .412 605 97.08 39 1 .077 416 91.94 
11 0 .412 605 96.29 40 0 .129 862 99.57 
12 0 .412 605 94.81 41 0 .129 862 98.64 
13 0 .412 605 99.40 42 0 .  129 862 98.32 
14 0 .412 605 97.40 43 0 .  129 862 98.32 
15 0 .412 605 92.57 44 0 .238 787 98.95 
16 1 .888 295 91.39 45 0 .238 7  87 96.91 
17 1 .888 295 93.89 46 0 .238 787 94.70 
18 1 .888 295 92.77 47 0 .238 787 98.28 
19 1 .888 295 95.98 48 0 .238 787 97.31 
20 1 .988 295 94.38 49 0 .615 595 91.10 
21 1 .888 295 94.06 50 0 .615 595 92.78 
22 0 .412 724 92.77 51 0 .615 595 90.96 
23 0 .245 713 99.36 52 0 .783 485 93.94 
24 0 .245 713 98.13 53 0 .783 485 94.39 
25 0 .245 713 96.07 54 0 .783 485 92.35 
26 0 .245 713 98.49 55 0 .783 485 93.79 
27 0 .385 702 97.27 56 0 .783 485 92.85 
28 0 .385 702 94.18 57 0 .783 485 90.49 
29 0 .385 702 98.47 
Figure 46. Pooled soybean data where 90 2% S<C ICQ. 
OBSERVED PER- PREDICTED PER­
CENT SURVIVAL CENT SURVIVAL 
OBSERVED PER- PREDICTED PER­
CENT SURVIVAL CENT SURVIVAL 
1  95 95 30 91 
2 97 97 31 98 
3 96 95 32 98 
4  94 95 33 99 
5 i 95 97 34 98 
6  98 97 35 94 
7  96 97 36 94 
8 95 98 37 91 
9 98 99 38 94 
10 97 97 39 91 
11 96 97 40 99 
12 94 97 41 98 
13 99 97 42 98 
14 97 97 43 98 
15 92 97 44 98 
16 91 94 45 96 
17 93 94 46 94 
18 92 94 47 98 
19 95 94 48 97 
20 94 94 49 91 
21 94 94 50 92 
22 92 94 51 90 
23 99 98 52 93 
24 98 98 53 94 
25 96 98 54 92 
26 98 98 55 93 
27 97 95 56 92 
28 94 95 57 90 
29 98 95 
95 
97 
97 
97 
97 
97 
94 
94 
94 
94 
99 
99 
99 
99 
97 
97 
97 
97 
97 
94 
94 
94 
95 
95 
95 
95 
95 
95 
F igure 47.  Gst imates^of^percent  surv iva l  us ing the regress ion model based on the observa-
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with greater confidence as an estimator than the 100 or 90 percent survival 
contours. Of the 57 pieces of data shown in Figure 46, the first was from 
Run I, the following 8 (2 through 9) were from Run II and the remainder 
were from Run III. Table 14 indicates that there is justification for 
pooling the data and, though equation 27 is strongly influenced by the 
characteristics of Run III, the available evidence indicates that the be­
havior of the soybeans used in the investigation is represented by 
equation 27. 
Figure 44 shows the response surface for the pooled soybean data; 
Figure 45 shows the survival contours for this data. Figure 49 shows the 
numbers used to plot the surface shown in Figure 44. The time-temperature 
space, for which survival was less than about 90 percent, was small; this 
explains the steep slope of the response surface and the closeness of the 
survival contours. The survival contours for the data where S was be­
tween 90 and 100 percent survival (Figure 48) suggest that the transition 
from the tim'?-temperature space causing slight damage to that causing 
severe damage was even more rapid than indicated by Figures 44 and 45. 
This was also reflected in the variability of the outcome of exposures 
causing intermediate amounts of damage as shown in Figure 33 (page 105). 
This means that there was no gradual transition from slight, through in­
termediate, to severe damage when soybean plants were subjected to thermal 
exposure. The significance of this, when applied to flame weeder design, 
will be discussed later. 
r 
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Figure 48. Contours of constant percent survival calculated from regression equation of pooled 
soybean data where 90 ^  S <100. 
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M E  ( S E C . »  
0 .  1  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 A  
0 . 2  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  Q f l  9 5  S 9  7 6  ^ 1  
0 . 3  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 7  9 3  8 5  7 0  ? 8  0  0  
0 . 4  1 0 0  100 1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 8  9 5  P 9  7 7  S 3  3  0  0  0  
0 . 5  1 0 0  l O O  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 7  9 4  8 7  7 3  4 4  0  0  0  0  0  
0 . 6  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 7  9 4  8 7  7 3  4 4  0  0  0  0  0  0  
0 . 7  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 8  9 5  R 8  7 6  5 0  0  0  .  0  0  0  0  0  
0 .  8  1 0 0  1 0 0  1 0 0  9 9  9 8  9 6  9 1  8 0  6 0  1 7  0  0  0  0  0  n  0  
0 . 9  1 0 0  1 0 0  1 0 0  9 9  9 7  9 3  3 5  7 C  3 7  0  0  0  0  0  0  0  0  
1 . 0  1 0 0  1 0 0  9 9  9 S  9 5  9 0  7 8  5 5  8  0  0  0  0  0  0  0  0  
1 . 1  1 0 0  1 0 0  9 9  9 7  9 3  8 5  6 9  3 6  0  0  0  0  0  0  0  0  0  
1 . 2  1 0 0  9 9  9 8  9 5  9 0  8 0  5 8  1 4  0  0  0  0  0  0  0  0  0  
1 . 3  1 0 0  9 9  9 7  9 4  8 7  7 3  4 4  0  0  0  0  0  n  0  0  0  0  
1 . 4  9 9  9 8  9 6  9 2  8 3  6 5  2 8  0  0  0  0  0  0  0  0  0  0  
1 . 5  9 9  9 8  9 5  9 0  7 9  5 6  9  0  0  0  0  0  0  0  0  o  0  
1 . 6  9 9  9 7  9 4  8 7  7 3  4 5  0  0  0  0  0  0  •  0  0  0  0  0  
1 . 7  9 9  9 7  9 3  8 4  6 8  3 3  0  0  0  0  0  0  0  0  0  0  0  
1 . 8  9 8  9 6  9 1  8 1  6 1  2 0  0  0  0  0  0  0  0  0  0  0  0  
1 . 9  9 8  9 5  8 9  7 8  5 4  5  0  0  0  0  0  0  0  0  0  0  0  
2 . 0  9 7  9 4  8 7  7 4  4 6  0  0  0  0  0  0  0  0  0  0  0  0  
Figure 49. Surviyal matrix from which Figure 44 was drawn. 
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Determination of the Thermal Sensitivity of Corn 
Experimental methods 
The mathematical models used for soybeans (equations 23 and 24, page 
117 ) were fitted to survival data collected by exposing corn to heat in 
a manner similar to that in which soybeans were exposed (page 87 et seq). 
Three data-collecting runs were made using corn. The sample points are 
shown in Tables 15, 16 and 17. These points were selected in exactly 
the same manner as were the sample points for soybeans, that is, by 
basing their selection on the logarithmic nature of equations 23 and 24 
and on experience gained in other runs. The values of time and tempera­
ture shown in Tables 15, 16 and 17 were nominal values and the exact 
times and temperatures for all three runs were recorded and are given in 
Figure 50, where the percent survival is also given. 
In determining the amount of injury to the foliage of the corn plants, 
two plants were chosen from each box and were cut across at the base of 
the fourth leaf, that is, at the junction of the fourth leaf blade and 
its leaf sheath. This position was chosen because it was observed that 
the first three leaves were often damaged by weather or some other factor 
and de- rmination of the amount of thermal injury to them would have been 
impossible. This procedure was used consistently throughout the experi­
ment. All the foliage removed from the plant was unrolled and the living 
tissue was dissected away from the dead tissue. The percent of the total 
dry weight of the sample leaves remaining uninjured was the percent sur­
vival . 
Table 15. Sample points for Run I of corn experiment 
Exposure 
temperature (°F) 
,15 .2U 
Exposure time (sec.) 
.4 ,  6 6  1. 09 1 . 8 2  3.0 4.5 
200  
300 
400 
500 
600 
700 
X  
X  
X  
Table 16. Sample points for Run II of corn experiment 
Exposure Exposure time (sec.) 
temperature (°F) .15 .24 .4 .66 1.09 1.82 
200 X  
300 X  X  
400 X X X X 
5 00 X X I 
600 X  X X  
700 XX X 
800 X X  X  
Table 17. Sample points for Run III of corn experiment 
Exposure Exposure time (sec.) 
temperature (°F) 
.15 .24 .4 . 66 1.09 
300 X  
400 X  X  
500 X  X  X 
600 X  X  X  
700 X  X  X  
800 X  X  X  
800+8 X X X  
^Pre-selection of temperatures above 800°F was not possible due to limitations of the liquid-
propane gas supply. 
EXPOSURE TIME EXPOSURE TEMP. PERCENT EXPOSURE TIME EXPOSURE TFMP.  PERCENT {SEC.)  COEG. F)  SURVIVAL (SEC.)  (DEG. F)  SURVIVAL 
1  1.077 50 8 37.31 17 0 .601 206 99.29 
2 1 .077 508 40.26 18 0 .601 206 100.00 
3 0 .643 585 50.91 19 0 .238 714 97.71 
4 0 .643 585 66.  13 20 0 .238 714 98.01 
5 1 .203 305 93.76 21 0 .119 703 99.39 
6 1 .203 30 5 95.94 22 0 .119 703 100.00 
7  0 .392 32 8 99.48 23 5 .874 195 45.71 
8 0 .392 326 98,  74 24 5 .874 195 50.30 
9 0 .685 404 91.56 25 4 .615 208 79.22 
10 0 .685 404 92.34 26 4 .615 208 73.12 
11 0 .392 49 7  96.09 27 3 .007 328 39.86 
12 0 .392 497 96.56 28 3 .007 328 45.  83 
13 1 .888 409 35.49 29 3 .042 508 25.74 
14 I IBSB 409 35.55 30 3 .042 508 30.29 
15 1 .888 628 27.45 31 1 .853 210 99.23 
16 1 .888 628 33.97 32 1 .853 210 98.62 
RUN I  
Figure 50. Exposure and percent survival data for three runs with corn. 
EXPOSURE T IME 
(SEC. )  
EXPOSURE TEMP 
(DEC.  F )  
PERCENT 
SURVIVAL 
1  0 .252  
2  0 .252  
3  0 .252  
4  0 .252  
5  0 .252  
6  0 .252  
7  0 .392  
8  0 . 3 9 2  
9 0 .406  
10  0 ,406  
11  0 .136  
12  0 .136  
13  0 ,388  
14  0 .388  
15  0 .392  
16  0 .392  
17  0 .769  
18  0 .769  
37 ,31  
40 .26  
50 ,91  
66 ,13  
93 ,76  
95 .94  
99 .48  
98 .74  
91 ,56  
92 ,34  
96 ,09  
96 ,  56  
35 .49  
35 ,55  
27 ,45  
33 ,97  
99 ,29  
100,00 
RUN 
800 
800 
714 
714  
6 0 1  
6 0 1  
714 
714  
585  
585  
724  
724  
552  
552  
400  
400  
617  
617  
Figure 50. 
EXPOSURE T IME EXPOSURE TEMP,  PERCENT 
(SEC. )  (DEG,  F )  SURVIVAL 
19  1 ,000  377  72 ,18  
20  1 ,000  377  65 ,10  
21  2 ,100  379  40 ,20  
22  2 .100  379  3  8 ,  8  8  
23  1 .990  296  44 ,53  
24  1 .990  296  44 .19  
25  0 .133  873  99 .70  
26  0 ,133  873  99 .86  
27  0 ,129  788  98 .15  
28  0 .129  788  97 ,94  
2Q 0 ,671  395  90 .56  
30  0 ,671  395  95 .99  
31  0 ,699  497  58 ,43  
32  0 ,699  497  68 ,91  
33  1 ,880  217  96 ,  94  
34  1 .880  217  98 ,  16  
35  1 ,062  305  91 ,50  
36  1 ,062  305  88 ,31  
(Continued). 
EXPOSURE T IME EXPOSURE TEMP.  PERCENT 
(SEC. )  (DEG.  F )  SURVIVAL 
EXPOSURE T IME EXPOSURE TEMP.  PERCENT 
(SEC. )  (DEG.  F )  SURVIVAL 
1  0 .378  794  70 .37  19  0 .378  587  92 .61  
2  0 .378  794  61 .87  20  0 .  3 7 9  587 89 .  86  
3  0 .238  585  99 .11  21  1 .105  305  92 .07  
4  0 . 2 3 8  585 99 .74  22  1 .105  305  96 .45  
5  0 . 2 3 8  714 97 .22  2 3  0.979  475  50 .21  
6  0 .238  714  97 .96  2 4  0.979  475  54 .09  
7  0 .238  820  87 .82  25  0 .  378  502  97 .  82  
8  0 . 2 3 8  820 91 .54  26  0 .  378  502  96 .  01  
9  0 .129  714  99 .79  27  0 .713  478  75 .03  
10  0 .129  714  99 .78  28  0 .713  478  76 .32  
11  0 .133  772  99 .58  2 9  0.671  400  97 .93  
1 2  0.133  772  99 .74  30  0 .671  400  97 .55  
13  0 .129  842  99 .06  31  1 .077  371  75 .  10  
1 4  0.129  842  98 .96  32  1 .077  371  58 .55  
15  0 .129  852  99 .61  33  0 .133  915  99 .71  
16  0 .  129  852  99 .35  34  0 .  133  915  99 .20  
17  0 .385  682  90 .67  35  0 .671  601  75 .20  
18  0 .385  682  75 .45  36  0 .671  601  69 .70  
4^ 
RUN I I I  
Figure 50. (Continued) 
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Figures 51 and 52 show the appearance of the thermal injury to corn 
leaves when viewed with transmitted light. The injured areas were more 
opaque than the uninjured areas and thus appear darker in Figures 51 and 
52- When seen in the normal way, with reflected light, the injured areas 
showed little immediate discoloration. Some leaves developed a slightly 
darker color in the injured areas and had a cooked appearance. The differ­
ence in opacity between injured and uninjured portions was used as an aid 
in dissection. 
Visual observation of thermal injury to corn 
Run I The plants in Run I were subjected to thermal exposure when 
they were about 9 in. tall measured to the highest point of the foliage 
in its natural configuration. 
At 2()()°F, distinct burning was caused to the exposed margins of the 
corn leaves in 4.5 s^c. This burning extended about 0.5 in. inwards from 
the edge. When the exposure was 1.82 sec., only a faint trace of injury 
could be seen. A faint trace of injury was also noticed when the exposure 
was 0.66 sec. 
When exposed to 300^F for 3 sec., severe damage was caused to the ex­
posed leaves. The thermal injury extended almost all the way from the leaf 
border to the midrib. After approximately 1 sec. at 30G°F, distinct in­
jury was i;eeri on the margins of the leaves but most of the leaf tissie was 
uninjured. No injury was seen after a 0.4-sec. exposure at 300°F. 
AL 40()°F, exposure for 1.8 sec. caused all the exposed leaf tissue, 
except the midrib, to be injured and killed. Distinct leaf-edge injury 
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25.sec: 600 °F 
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Figure 51. Thermally injured corn leaves; the injured regions are 
darker than the uninjured regions. 
Figure 52. Thermally injured corn leaves; the injured regions are 
darker than the uninjured regions. 
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was caused in 0.66 sec. at 400°F but much of the tissue survived. 
RxpoHure for 3 sec. to 500°F caused injury to all exposed tissues 
cxcc-pt the m id rib.s of the leaves. Slightly less severe injury was caused 
ill 1.09 sec. at 500°F- Very slight marginal damage was caused by ex­
posure for 0.4 sec. at 50G°F. 
When the exposure temperature was 600°F, all the exposed leaf tissue, 
including the midrib, was injured in 1.82 sec. In 0.66 seconds, an area 
extending 0.75 to 1 in. in from the leaf borders was injured. 
Two exposures were made at about 700°F. One was for 0.25 seconds and 
a .05-Ln. margin extending inward from the free edges of the leaves was 
injured. In the other, which was a 0.12-sec. exposure, only the extreme 
tips of the leaves were injured. 
In the above description of the visible results of the treatments on 
corn, the term "exposed leaf" means a leaf that was not shaded by another 
leaf as, for example, the fourth leaf which was fully opened. Whenever a 
leaf was shielded by being rolled inside a leaf located lower on the stem, 
damage was absent as a result of all but the most severe exposures. Hence, 
in no case did the percent survive approach 0. 
The injured area turned yellow by the end of the first 24-hour period 
after the treatment was applied. At this time it was noted that the yellow 
area was surrounded by a region of slight yellowish discoloration in the 
otherwise uninjured tissue. 
Run III No observations were recorded for Run II but the results 
were consistent with the observations in Run I. The visible effects of 
148 
the thermal exposures in Run III were as follows. 
At 200°F, distinct leaf-edge injury resulted from a l--sec. exposure. 
When the exposure temperature was 400°F for 1 sec., three to four 
times as much leaf area appeared injured. No damage was apparent when 
the exposure was for 0.66 sec. 
At 500°F, very severe damage resulted from a 1-sec. exposure; very 
distinct leaf-edge injury was caused in 0.66-sec. and slight leaf edge 
damage followed a 0.4-sec. exposure. 
When the exposure temperature was 600°F, exposures for 0.66, 0.4 and 
0.25 sec. caused damage ranging from very severe to almost undetectable. 
At 700°F, an injured margin, 0.75 in. wide, resulted when the exposure 
time was 0.4 sec. When the exposure time was .25 sec., a slight but clearly 
visible margin around the leaf was affected; no damage appeared after an 
0.14-sec. exposure at 700°F. 
An exposure of approximately 0.13 sec. at 850°F caused the extreme 
tips of the leaves to be injured and a similar exposure at 915°F caused 
slightly more damage. 
Regression analysis of thermal exposure data from corn 
The recorded time and temperature for each exposure of corn were given 
in Figure 30. The percent survival for each exposure was also given. The 
data were subjected to the same analysis as were the soybean data (page 117 
et seq.) and Table 18 is a summary of the results of fitting the models 
represented by equations 23 and 24 (page 117) to the various groupings of 
thé data. In the case of both Run I and the pooled data, the coefficient 
ot the linear term in time (b^) was significantly different from zero; 
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the model from equation 24 was therefore used to calculate the response 
surfaces shown for the individual runs and for the pooled data in Figures 
53-56. Figures 57 to 60 show the corresponding contours of constant sur­
vival. 
As shown by Table 18, the correlation R between the observed log(D+l) 
and the model was high within each run but was slightly lower, when the 
runs were pooled, than within the runs. As was explained in the context 
of the soybean data (page 116), the ability of the model to represent the 
data from which it was derived and to predict independent data had to be 
investigated. The results of this investigation are summarized in Table 
19 where it may be seen that the model from Run I predicted the other 
runs and the pooled data with reasonable accuracy. The data from Run I 
were not accurately predicted by the models derived from the data of Runs 
II, III or the pooled data. The T-test statistic may be appliea with the 
models from Runs II and III when they are used to predict Run I because 
the parameters of these models are independent of the data in Run I. Ac­
cording to this test, d was not sifnificantly different from zero even 
though it was large for both sets of predictions. Since the T-test com­
pared the magnitude of d with zero, taking the variance of d into considera­
tion, it may be concluded that the small calculated value for T was due to 
the fact that the variance of £ was large when Run I was predicted by the 
models from Runs II and III. Inspection of the contours of constant per­
cent survival shows why this arose. Consider Figures 57 and 58 and let 
the contours be thought of as lines of constant percent destruction. The 
plants in Run I (Figure 57) were less sensitive to heat than were those 
of Run II (Figure 58); the 20 percent destruction line in Figure 57 co-
Table IS. Summary of regression analysis of corn data 
Parameter Data grouping 
Run I Run II Run III Pooled 
+ t^ -t + t -t + t -t + t -t 
^o' 
. 0340 
-.111 .641 .162 .543 .0128 .365 .077 
bl 1.900 1.635 3.7 85 2 .505 3.335 2 .884 2.648  1 . 907 
^2 .0027 5 .00277 .0038 .00354 .00324 .00336 • .00288  .00256 
^3 -.08621^ -.7 64 
- .534C 
-.286 
.828  .819 .812 .716 .871 .864 .788  .718 
R .910 .905 .901 .846 .934 .929 .887  .847 
^+t indicates that a linear term in t was included in the model; -t indicates that no linear 
term in t was included. 
^See equations 23 and 24, page 117. 
^The t-test statistic shows no evidence that these coefficients are not zero. 
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Figure 57= Contours of constant percent survival calculated from regression equation of Run I 
of corn. 
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Figure 58. Contours of constant percent survival calculated from regression equatic" of Run II 
of corn. 
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Figure 59. Contours oE constant percent survival calculated from regression equation of Run 
III of corn. 
90 
O 
u 
UJ 
V) 100 
G.03 D. 00 
TEMPERATURE CFXIOO) 
Figure 60. Contours of constant percent survival calculated from regression equation of pooled 
corn data. 
Table 19. The performance of calculated models when used as predictors 
Data group 
from which 
model was 
derived 
Data group predicted 
Run I 
R 
Run II Run III 
R R 
Pooled 
R 
Run I 
Run II 
Run III 
Pooled 
,759 
.578 
.652 
.718 
.17 
20.3 
-13.6 
-11.9 
.896 
.825 
. 904 
.905 
9.7 
1 . 6  
5.5 
6.6 
. 8 1 8  
,855 
,902 
.904 
4,1 
-3.6 
1.7 
2.9 
,715 
.590 
.647 
.692 
4.8 
-7.0 
-1.6 
-.33 
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incided approximately with the 50 percent destruction line of Figure 58. 
Hence the treatments in Run I, resulting in more than 20 percent destruction, 
would be predicted by the models of Runs II and III to have resulted in 
very severe damage; simple calculations, by substituting time-temperature 
pairs into the regression equations, resulted in predictions of over 400 
percent destruction when the actual observed destruction was about 7 0 
percent. The occurrences of a few such differences between predictions 
and observations would increase the variance of d and lead to relatively 
low calculated values for the T-test statistic. 
As was the case with soybeans, the predicted results of treatments 
causing little or no damage were in good agreement with the observations. 
The data from the three runs were pooled and those data for which 
90 S :è 100 percent survival were used to calculate the parameters of 
equation 24. Figure 61 shows the data concerned and, of the 57 pieces of 
information available, the first 16 came from Run I, the following 18 
came from Run II and the remaining 23 came from Run III. The following 
equation resulted from the regression analysis and was used to plot the 
contours of constant percent survival shown in Figure 62: 
S = 101 - 10**(1.05 + 2.741og(t) + .0021T - .96t) 28 
The coefficient of determination associated with fitting this model to the 
data was 0.70 and the coefficient of t in equation 28 was significantly 
different from zero. The correlation between the predicted and observed 
percent survival was 0.83 and d was -.36. This indicates that the con­
tours in Figure 62 are good estimators of the damage resulting from the 
EXPOSURE T IME EXPOSURE TEMP.  
(SEC. )  (DFG.  F )  
PERCENT 
SURVIVAL 
EXPOSURE T IME EXPOSURE TEMP,  PERCENT 
(SEC. )  (OEG.  F )  SURVIVAL 
1  1 . 2 0 3  305 93 .76  
2  1 .203  305  95 .94  
3  0 .392  328  99 .48  
4  0 .392  3 2 8  98.74  
5  0 .685  4 0 4  9 1 . 5 6  
6 0 .685  404  92 .34  
7  0 . 3 9 2  497 9 6 . 0 9  
8 0 .392  497  9 6 . 5 6  
9 0 .601  206  99 .29  
10  0 .601  206  100 .00  
11  0 .238  714  97 .71  
12  0 .238  714  9 8 . 0 1  
13 0 .119  703  99 .39  
14  0 .119  7 0 3  100.00  
15  1 .853  210  99 .23  
16  1 .853  210  98 .62  
17  0 .252  714  91 .42  
18  0 . 2 5 2  714 91 .76  
19  0 .252  601  97 .09  
20  0 .252  601  9 6 . 7 8  
21 0 .136  724  99 .95  
22  0 .136  724  100 .00  
23  0 .388  552  96 .78  
2 4  0.392  400  99 .25  
25  0 .392  400  99 .45  
26  0 .133  873  99 .70  
27  0 .133  873  99 .86  
28  0 . 1 2 9  788 98 .15  
29  0 .129  7 8 8  97.94  
Figure 61. Pooled corn 
0.671  395  90 .56  
0 .671  3 9 5  95.99  
1 .880  217  96 .94  
1 .880  217  98 .  16  
1 .062  305  91 .50  
0 .238  585  99 .11  
0 .238  5 8 5  99.74  
0 .238  714  9 7 . 2 2  
0.238  714  97 .96  
0 .238  820  91 .54  
0 .  1 2 9  714 99 .79  
0 .129  714  99 .78  
0 . 1 3 3  772 99 .58  
0 .  133  772  99 .74  
0 .129  842  9 9 . 0 6  
0.  129  842  98 .96  
0 .129  852  99 .61  
0 .129  852  99 .35  
0 .385  682  90 .67  
0 .378  5  87  92 .61  
1 .105  305  92 .07  
1 .105  305  96 .45  
0 .378  502  97 .82  
0 .378  502  96 .01  
0 .671  400  97 .93  
0 .671  400  9 7 . 5 5  
0 .  133 915  99 .71  
0 .133  915  99 .20  
where 90 < S <100. 
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Figure 62. Contours o£ constant percent survival calculated from regression equation of pooled 
corn data where 90 < S ^  100. 
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time-temperatare combinations that lie between the 90 and 100 percent 
survival contours. The mean of the observed values of S, used in the re­
gression analysis leading to the contours in Figure 62, was 97.2 percent 
survival. Therefore the time-temperature pairs to which corn may be ex­
posed without causing more than slight injury around the leaf margins can 
be identified from Figure 62. Figure 63 shows observed values of S and 
the corresponding predictions by using equation 28. Due to the inherent 
variability of the process, the prediction of the outcome of a single 
exposure at some given time and temperature may not be very accurate but 
the prediction can be expected to hold for repetitions of any exposure 
within the range of the data from which equation 28 was derived. 
Parts of the contours in Figure 62 are drawn in broken lines. These 
represent the region where the contours came to a turning point with re­
spect to temperature. The broken lines are visual estimates of where the 
contour would lie had there been enough data to give the model the charac­
teristics required to predict the outcome of exposures longer than 0.8 to 
0.9 sec. There were 57 pieces of data available to study the region where 
90 ^  S ^  100 percent survival and, of these, only nine had resulted from 
exposures of over 0.9 sec. Figure 62 should therefore be used with caution 
when exposure times longer than 1.0 sec. are considered but this is not a 
serious limitation in the context of the exposures-times used in flame 
weeding. 
The contours shown in Figure 62 are in close agreement with those 
from the pooled data shown in Figure 60, and, consequently, with the re­
sponse surface shown in Figure 56 for the pooled data. This indicates 
OBSERVED PER­ PREDICTED PER­ OBSERVED PER­ PR EDICTED 
CENT SURVIVAL CENT SURVIVAL CENT SURVIVAL CENT SUPJ 
1  93  95  30  90  95  
2  95  95  31  95  95  
3  99  99  3?  96  98  
4  98  99  33  98  98  
5  91  95  3^  91  95  
6  92  95  35  99  99  
7  96  97  36  99  99  
8  96  97  37  97  97  q  99  99  38  97  97  
10  100  99  39  91  94  
11  97  97  40  99  100  
12  98  97  41  99  100  
13  99  100  42  99  100  
14  100  100  43  99  100  
15  99  98  44  99  99  
16  98  98  45  98  99  
17  91  96  46  99  99  
18  91  96  47  99  99  
19  97  98  48  90  91  
20  96  98  49  92  95  
21  99  100  50  92  95  
22  100  100  51  96  95  
23  96  96  52  97  97  
24  99  98  53  96  97  
25  99  98  54  97  95  
26  99  99  55  97  95  
27  99  99  56  99  98  
28  98  100  57  99  98  
29  97  100  
Figurai 63* Estimates of perccnt survival using ttie regression model based on the observations 
in Figure 61. 
that there was a region in the time temperature space for which there was 
a gradual transition from small to larger amounts of injury as the total 
exposure was increased. Figure 50 (page 142) shows that the lowest per­
cent survival observed to result from any of the exposures used with 
corn was approximately 25 percent. The significance of these results 
in their application to designing a flame weeder is discussed on page 172 . 
Discussion of the thermal destruction models , 
Batchelder et a]_. (24) fitted the equation given on page 7 6 to 
their thermal defoliation and desiccation data. This equation was char­
acterized by 8 parameters which were derived from the data. In contrast 
to this, the model used to represent the data in this research had only 4 
parameters and was therefore a simpler model. Batchelder et al. (24) 
reported a coefficient of determination of 0.87 in fitting their models; 
coefficients of determination of similar magnitude were found when the 
data of Figures 33 and 50 were fitted with models that had 7 or 8 para­
meters that could be derived from the data. The resulting equations were, 
however, not good prediction equations unless the exposure time and tem­
perature, the result of which was to be predicted, lay well within the 
sample space of the data from which the model was derived. Such equations 
were of little value. 
The model used in this research has the virtue that the values pre­
dicted for D, the percent destruction, approach the quantity -1 as t and T 
become small. They approach -1 because log(]>l) was used in the model in­
stead of log(D) since D was 0 in some instances. A good representation 
of the data was therefore possible for small observed values of D as shown 
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by the data in Figure 63. Where the observed values of D were over ap­
proximately 20 percent, the predictions were less accurate than for smaller 
values of D and, when D was over 60 percent, the regression model failed 
to represent the data; this was especially true in the case of the corn 
data. Such a deficiency is not a serious restriction of the model because 
the area of greatest interest is that in which the combinations of time 
and temperature, constituting the exposure, result in little or no damage. 
Were it required to identify the region where the exposures used would re­
sult in almost total destruction, as in the study of desiccation and de­
foliation, the model should have involved log(S+l) instead of log(D+l). 
This would allow S to approach -1 asymptotically and would represent the 
data well if it consisted of many observations where S was small. 
The model 
D = + qi tT 
was suggested in equation 22 (page 86) and the parameters q^ and q^ were 
calculated from the corn and soybean data. The resulting model represented 
the data poorly and no reliable decision rule could be formulated to pre­
dict the percent survival but, as can be seen from Figures 46 and 61, if 
tT is less than approximately 200°F sec., little or no damage is likely to 
result to either corn or soybeans. The usefulness of this is doubtful 
because the information in Figures 48 and 62 is adequate for design pur­
poses and is more reliable than a simplified 'rule-of-thumb' procedure. 
The information developed in this phase of the present study is intended 
for use in design of a flame weeder and not for use by the operator of the 
machine in the field. 
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The inclusion of leaf weight and (or) leaf dimensions, as variables 
in the regression model, contributed nothing because the coefficients of 
terms involving these quantities were small and there was no evidence 
that they were not zero. 
The Effect of Defoliation on Soybeans 
Kalton, Weber and Eldredge (30) studied the effects of simulated 
hail damage on soybean plants at different stages of growth. One of the 
methods used to simulate hail damage was to shred the plants with upward 
strokes of a paddle-like board to which hooks were attached. This re­
moved some leaves and stems and, though the authors did not state specif­
ically, probably damaged some of the leaves remaining on the plant by 
tearing them or removing parts of individual leaflets. 
There is no assurance that the consequences of mechanical defoliation 
are analagous to the situation resulting from defoliation due to flame 
weeding damage. Firstly, there is evidence that thermal injury to some 
of the leaves can affect other leaves on the same plant (20). Secondly, 
there is no assurance that 50 percent defoliation, by removing half the 
leaves, would produce the same effect as 50 percent defoliation by removing 
half of each individual leaflet, or by thermally incapacitating half of 
each leaflet as could occur in flame weeding. Until such time as in­
formation specifically applicable to thermal defoliation is avialable, the 
data presented by Kalton al. (30) may be used as a guide. 
Soybeans over 12 in. tall can be flame-weeded, without damage, using 
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an air-curtain flame weeder. Kalton et aj^. (30) defoliated beans at 
several growth stages and showed that up to 60 percent of the leaves could 
be removed, from plants 12 in. tall or less, without reducing the yield 
more tliaii 10 to 12 percent. The mean yield for the undefoliated checks 
was 33.4 bu./ac. and the yield reductions, resulting from some of the 
treatments applied, are shown in Table 20. The authors stated that the 
soybean plants quickly produced hew foliage from the axils of leaves. 
When plants with one fully opened trifoliate leaf (4 to 6 inch stage) were 
cut off above the cotyledons, new stem branches were produced from buds 
formed in the axils of the cotyledons. 
Table 20. Percent yield reduction due to defoliation 
Stage Percent defoliation 
25-30 55 - 60 
4 - 6  i n c h  1 4  1 6  
7 - 9  i n c h  8  5  
12 - 14 inch 9 15 
The visible results of various thermal exposures were discussed on 
page 107 et seq. Severe damage (50 to 60 percent) was inflicted on the 
Fully opened leaves of soybean plants without severely damaging the leaves 
that were begituiing to unfold at the top of the plant. The cotyledon 
leaves were damaged only by the most severe exposures. All the thermally 
exposed plants, whose fully opened leaves were essentially 100 percent 
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damaged, developed new foliage sooner or later depending on the amount of 
exposure. Where the damage was substantially less than 100 percent, the 
plants continued to grow in the normal way without producing axilliary 
branches. In general, the results of thermal defoliation seem to be com­
parable with those of mechanical defoliation reported by Kalton et a_l. (30). 
If thermal exposure of plants produces a toxin in quantities propor­
tional to the leaf area that is thermally injured (as postulated by Yar-
wood (20)), it is possible that flaming soybean plants when they have cnly 
one trifoliate leaf would cause less damage to the recovery of the plant 
than flaming and causing thermal injury at later stages when more foliage 
is present- If the effects of mechanical and thermal defoliation are com­
parable, 20 percent thermal defoliation before the plants are 12 in. high 
is likely to have little or no effect on crop yield. It is most unlikely 
however, that the flaming process can be controlled so accurately that the 
damage can be limited to 20 percent because of the "avalanche" nature of 
the amount of injury resulting from increased exposures (see page 137). 
This characteristic forces the designer to operate well within the "no-
damage-area" represented by the 100-percent-survival plateau in Figure 44. 
To operate in the 80 to 100 percent survival region would require better 
temperature control than is now available with the air-curtain flamer. 
The temperatures to be expected in the neighborhood of the soybean 
foliage during flame weeding were discussed on page 56 et seq. If it is 
assumed that the region of elevated temperature is 3 ft. long and that the 
forward speed is 4 mph., the exposure time will be approximately 0.5 sec. 
(see Figure 64). Using Figure 48, the maximum temperature around the 
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figure 64. Relation.ship between speed and length of control area for 
various exposure times. 
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foliage should not be more than 200°F to avoid all thermal injury when 
the exposure time is 0.5 sec. The temperature to which the foliage is 
exposed by the air-curtain flamer may be expected to vary from 250°F to 
400°F in the region immediately above the air curtain. At higher posi­
tions in the foliage, the temperature decreases. À gradation of injury, 
from 5 percent or less immediately above the air curtain, to zero damage 
at higher levels, can be expected if the isothermal contours discussed 
on page 56 are accepted as correct. As mentioned on page 5 5 the presence 
of foliage (weeds and crop) would tend to cause lower temperatures, due to 
the heat absorbed by the foliage, and thus would alter the isothermal con­
tours. The importance of this effect would be influenced by the amount of 
foliage under the air curtain because, if the heat is absorbed by foliage 
under the air curtain, it is not available to damage foliage above the air 
curtain. Ideally, only crop foliage is above the air curtain and only 
weed foliage is below the air curtain. In practice, this ideal . s suffi­
ciently well met to permit the weeds to be flamed without injury to the 
crop. Some weeds grow as tall as the crop plants and they are afforded 
the same protection by the air curtain as are the crop plants; in this case 
the weeds cannot be killed without killing or seriously injuring the crop. 
Even if there existed a difference in thermal sensitivity between the crop 
and the weeds such that the weeds were killed by less exposure than the 
crop, the temperature control now available would not be adequate to per­
mit advantage to be taken of the sensitivity difference. 
The effect on crop damage , of dense foliage in the middles between 
the rows, was observed in flame weeding soybeans but no measurements were 
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made. When the weed growth was dense in the area between the rows, the 
L'ucL supply-pressure was increased to supply enough heat to raise the 
tempera Lure of the foliage to lethal levels. Under these circumstances, 
little or no damage to the soybean foliage was observed (see Figures 
6 (page 25) and 65). 
The Effects of Defoliation on Corn Plants 
Eldredge (31) reported on research carried out to determine the ef­
fects of defoliation on corn plants in the context of hail damage. Re­
moval o£ one third of the foliage before the seven-leaf stage resulted in 
no yield reduction. The plants were defoliated by shredding the leaves 
to produce an effect similar to hail damage. Figure 62 shows the 90, 95 
and 100 percent survival contours for corn plants exposed to heat. To 
avoid all thermal injury to corn plants during flame weeding with the air-
curtain flamer, the temperature to which the foliage is exposed should be 
below 150°F. This estimate is based on the assumption that the region of 
elevated temperatures is three feet long and travels at four mph. along 
the row. The isothermal contours shown on pages 54 et seq. show that 
temperatures below 150°F did not exist in the region normally occupied by 
the corn foliage. Temperatures of approximately 300°F were readily at­
tainable in this region; therefore zero to five percent injury to the 
foliage could be expected during flaming at 4 mph. with the air-curtain 
flamer. It is unlikely, in view of the evidence presented by Eldredge, 
that this would cause any loss in yield. At 600°F, the survival contours 
of Figure 62 show the expected injury to corn plants to be approximately 
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Figure 65. Photograph of weed infestation taken approximately 
10 mia. after flaming; note the loss in turgidity 
of the foliage. 
174 
10 percent if the exposure time were similar to that produced by the air-
curtail flamer - approximately 0.5 sec. at 4 mph. According to the re­
sults of Eldredge's research this should produce no economic damage in 
crops less than 14 in. tall (the seven-leaf stage). 
Translocation of heat injury from a heated to an unheated leaf has 
been shown to occur in some plants (20) and may also occur in corn. If it 
does, defoliation by flaming may have an effect different from that of 
mechanical defoliation. But, as was the case with soybeans, the results 
of mechanical defoliation are the best guide available until information 
on the effects of thermal defoliation has been developed. 
It was not possible to determine if 30 percent defoliation, as measured 
by Eldredge (31), was equivalent to 30 percent injury as measured in this 
research (page 139). From the brief description given by Eldredge (31), 
it seemed likely that 30 percent injury (70 percent survival), as measured 
by the methods described on page 139, would correspond to a considerably 
higher percentage defoliation if measured by Eldredge's criteria. Even 
allowing for that likelihood, if the time-temperature combinations to 
which corn foliage is exposed, lie in the region below the 95 percent sur­
vival contour in Figure 62, no economic damage is likely to result provided 
the corn plants are approximately 14 in. tall or less. Eldredge found 
that no economic damage resulted from 30 percent defoliation at or before 
this growth stage; his estimate of defoliation was based on the percent 
reduction in leaf area by the mechanical treatments he applied. The state­
ments made, on pages I7i and 172, about the effect of dense weed growth on 
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temperature also apply in the context of corn. 
Flame weeding corn shortly after the crop emerges has been practiced 
with some success (32). The corn plants are normally 2 to 3 in. high at 
this time and most of the above-ground part of the foliage is destroyed by the 
treatment. Eldredge (31) found that total defoliation at this growth 
stage could cause 2 to 5 days delay in maturity and he cited evidence 
showing the possibility of yield loss as a result. No evidence of yield 
loss due to flame defoliation before the crop was 12 in. tall was re­
ported in (32) but flaming between the 5-in. and 10-in. stages of growth 
was not recommended. 
176 
.SUMMARY 
The air-curLaiti flame weeder was designed to provide a means of com­
plete weed control at all stages of crop growth. It consists of a hori­
zontal heat barrier under which the flames are projected from three LP-
gas burners. The heat barrier is adjustable in height and is normally 
located 3 to 5 in. above the soil surface. It consists of two parts -
steel plates in the areas between the row middles and two streams of air 
emerging from slots just above the sides of the steel plates and flowing, 
horizontally, into the crop row from each side; these air streams consti­
tute the air curtain.-
The air-curtain flamer was tested informally in 1966 and performed 
satisfactorily. Previously used commercial flamers were sensitive to soil 
surface-roughness and to ridges in the rows ; the wind often disturbed 
their operation and more than a normal amount of skill and care was re­
quired of the operator. It was not possible to flame weeds in small crops 
and the machines were not designed to control weeds in the area between 
the rows. The air-curtain flamer was used successfully at all stages of 
crop growth without regard to soil surface conditions or wind. Fewer de­
mands were made on the operator's skill and the weeds in the area between 
the rows were completely controlled. 
In the 1967 crop season, the new flamer was compared with a commer­
cially available flamer and with the two weed-control methods most commonly 
used by farmers. The experiment was designed (1) to determine if the new 
flamer was better or worse than the commercially available flamer, (2) to 
detcr[[iine if the new flamer needed to be supplemented with other weed 
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ciJiiLrol iiK'-thods l:o be ell'ecUive and (3) to compare flaming, as a means of 
weed control, with successful, commonly used, mechanical and chemical 
techniques. The results showed that the new flamer was an improvement on 
the commercial flamer and that it needed no supplementary weed control 
measure to be effective; the commercial flamer was effective only with the 
aid of a supplementary weed-control measure. Full-flame weed control, 
using the air-curtain flamer, was as effective in controlling weeds as 
conventional mechanical methods. 
Corn yields, from the plots flamed with either flamer, were similar; 
the flamed plots yielded as well as the conventionally treated plots. In 
soybeans, no yield difference was detected between the plots flamed with 
the new and old flamers; the flamed plots out-yielded the sweep-cultivation 
plots. This yield difference was attributed to a root rot which was much 
more prevalent in the sweep-cultivated plots than in those not sweep-
cultivated. The incidence of the disease increased with the number of 
sweep-cultivations. 
Temperature measurements in the region of the air curtain confirmed its 
effectiveness as a heat barrier. They showed that maximum temperatures of 
approximately 300°F could be attained in and above the air curtain. 
To provide some of the information needed to refine the design of the new 
flamer, the reaction of corn and soybean plants to thermal exposure (time-
temperature combinations) was studied. The results showed that corn was 
progressively injured as the amount of exposure was increased above a cer­
tain minimum. In the case of soybeans, the increase in injury, as the ex­
posure was increased, was very rapid. Soybeans tolerated slightly more 
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exposure tliaii corn before thermal injury became evident. The partially 
unfolded, new leaves, near the terminal buds of the soybean variety used 
(Hawkeye), were more heat resistant than older, completely unfolded leaves. 
In its present state of development, the air-curtain flamer causes some 
thermal damage to corn but there is no evidence that this has economic 
significance. The information gained by studying the behavior of corn 
and soybeans when exposed to heat, can be used to improve the machine. 
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CONCLUSIONS 
The detailed conclusions drawn from the design^ development and test­
ing of the air-curtain flame weeder were stated on pages 18 and 45 ; 
they may be summarized as follows: 
1. The air curtain protected crops from heat damage and eliminated 
the need for smooth soil surfaces, calm weather, highly ac­
curate steering and a crop height over 12 in. 
2. The air-curtain flamer controlled weeds satisfactorily, in corn 
and soybeans, without the aid of a chemical or a mechanical sup­
plementary weed-control measure; the crop yield was as good with 
flame control alone as with commonly used mechanical and chemical 
weed-control methods. 
The following conclusions may be drawn from the study of the thermal 
sensitivity of corn and soybeans: 
1. Corn foliage was damaged by less thermal exposure than was re­
quired to damage soybeans foliage. 
2. Total thermal destruction of soybean foliage was caused by some 
exposures; because of the structure of the corn plant, its leaves 
were not totally destroyed by similar exposures. 
3. The thermal sensitivity of the foliage on a soybean plant in­
creased with the age of the leaves; young, unfolding leaves were 
rcz la Lively insensitive to thermal exposure. 
4. The cotyledon leaves of soybean plants were less sensitive to 
thermal exposure than any other leaves on the plant. 
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5. A corn crop less than 12 in. tall cannot usually be flame weeded 
with the air-curtain flamer without causing it some thermal leaf 
damage. 
6. The region of the time-temperature vector space, in which slight 
injury to the corn and soybean plants occurred, was identified. 
7. When more than 80 percent of the foliage of corn or soybeans sur­
vived an exposure, the mathematical model proposed represented 
the data well; when sur\'ival was less than approximately 80 per­
cent, the data were not well represented by the proposed model. 
8. Small weed-seedlings were thermally injured by exposures that did 
not injure either corn or soybean foliage; it would not usually 
be possible to take advantage of this fact with the present ver­
sion of the air-curtain flamer. 
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SUGGESTIONS FOR FURTHER RESEARCH 
Much of the research reported in this dissertation was exploratory 
and has evoked questions that can only be answered by more detailed and 
specialized investigations. There were two phases in this research - the 
design of the air-curtain flamer and the development of engineering in­
formation about the flaming process. Each phase may be further developed 
to provide more conclusive answers to specific problems. 
The following are some of the areas of immediate interest: 
1. The temperatures in the vicinity of the crop row should be 
measured while the flamer is actually working in a crop. 
2. The effect of varying the length of the control area under the 
air curtain and middle covers should be studied. 
3. The machine should be studied in a rear-mounted position. 
4. A better method of removing the exhaust from the area between 
the rows should be developed. 
5. The results of varying burner gas-pressure and configuration should 
be studied; a better type of burner should be developed. 
6. Extensive field experiments should be conducted. 
7. The thermal sensitivity studies should be repeated and better . 
models developed. 
8. The thermal sensitivity studies of commonly encountered weeds 
should be conducted. 
9. The possibility of flaming soybeans shortly after the crop seed­
lings emerge should be studied; such a procedure could have useful 
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application under certain conditions of weed growth. 
10. Varietal differences in response to heat may exist; this area 
needs investigation. 
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APPENDIX A 
Symbols Used 
a = constant 
b^ = constant 
= A comparison between the results of using flame alone and those of 
using flame plus a supplementary treatment. 
C2 = A comparison between the results of using a chemical as opposed 
to a mechanical supplement. 
Cg = A comparison between rotary hoeing and shovel cultivation as 
supplements to flaming. 
= A comparison between the use of flaming plus a supplement and 
conventional weed-control methods (check plots). 
C5 = A comparison between the two conventional weed-control methods 
(check plots). 
Cg = A contrast of the result of treatment 5, which was expected to 
cause 'over-kill' of the weeds, versus the other six treatments. 
C1(S) = A comparison between the two flamers. 
Cl(SxM) = A contrast to detect interaction between flaming and its sup­
plement in whole-plot 1 and whole-plots 2, 3 and 4. 
C2(SxM) = A contrast to detect interaction between flaming and its sup­
plement in whole-plot 4 and whole plots 2 and 3. 
C3(SxM) = A contrast to detect interaction between flaming and its sup­
plement in whole-plot 2 and whole-plot 3. 
c^ = constant 
D = percent destruction 
d = mean difference between two variables 
De = predicted percent destruction 
k = constant 
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m = constant 
n = constant 
= constant 
R = correlation coefficient 
= coefficient of determination 
S = percent survival 
s = forward speed 
Sg = predicted percent survival 
SSg = error sum of squares 
SS^ = main-plot sum of squares 
SSM(i^j) = sum of squares for main plots i through j. 
SSg = sub-plot sum of squares 
SSsxM •" interaction sum of squares 
T = temperature 
t = t ime 
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APPENDIX B 
Field Data from Corn and Soybean Weed Control Experiment 
REPLICATE WAIN 
PLOT 
SUB­
PLOT 
WEED WEIGHT CHECK PLOT INITIAL FI'l^L Y I -1 AT 
WEED WEIGHT STAND/ A C « S T' I ^  / A r , % 5, "F r 
(LB. riM/ACo) (LB. HM/AC.) (X 1000) (X 1000) ( / f C . ) 
1 1 1 569.9555 5592.<3570 17.327 17.716 1 c ^  ^ 1 ? 
2 171.2 5 87 5592.°570 18.198 17.618 1^ ^ ^2 
1 2 1 300.262? - 11792. 6900 16.843 15.975 1 40 C7 
—1 . _ 2 2 ... 30.0903 11792.6 800 14.907 15.101 136 •'2 
1 3 1 174.4599 8773.8860 16.943 17.3 27 162 1 -a 
1  3. 2 . . .  . .4 .3215 8773.8860 17.521 16.650 ..  154 52 
1 \  4  1 0.0000 6444.4490 19.6 82 17.908 1 ^ 7 '^ 2 
A,  2 .. .. 3.8413 6444.4490 . . 17.230 17.521 .  _ _ 159  -3 C 
1 5 NOT SPLIT 3.2011 9459.1210 17.521 17.811 152 70 
_ .  .5  NOT SPLT T .0 .4902 ...94.5 8.1210. . 15,682. . 15.498 . _ 164 ^5 
1 • 6 NOT SPLIT 0.4902 8624.0780 16.166 16.262 1^3 11 
. 6_ . NOT SPLIT .0.0000 _ . _8624.0780 . 15,972. . I  6.069 .  .12 8 Z.4 
1 7 NOT SPLIT 39.8537 10=3 8,7900 18.005 17.911 141 30 
7__ _ NOT. S PL IT 
_ 74 .4255 _  _ 10938,7900 
_ 17,424 _ . 37.521 155 P5 
2 1 1 1004.1940 8080.2100 16.843 17.037 1A4 °3 
2 
_ _  1_  2 .. _ _ 3..0410 9080.2100 . 
_ 1e.198. .18,602 14 5 26 
2 2 1 10 5.3161 10707.3500 17.424 19.5  96 14 A -?8 
2 _ 2 _ . .  _  2  _1  6.8..05 76 , __ 10707.3500 .  
_ 16,746 . .. 16,553 . . 16? ."=0 
2 3 1 31.0506 5764.8550 17.618 17.908 152 93 
2_ - 3 ... 2 „ . 16,4956 . .5764,8550.. . 17, 908. .17,908 . . .148 16 
2 4 1 1.7606 4718.8980 17.811 . 19.005 160 Pf. 
__ 2 4 2 _3.6813 .4718, 9980 17, 908 . . 
_ 17.714 . 15^ 72 
2 5 NOT SPLIT 4.3215 3986.1210 17.134 16.553 1-^7 i-U 
... _ 2 5 . NOT SPLIT _ _0 .0000 ^  _ .8986,1210 17.521 .17.90° . .1^1 cp 
2 6 NOT SPLIT 2.4009 1630.3190 17.909 18,102 14C 1 ^  
_ 2 6 NOT SPLIT 0.0000 1630.3190 - 17,714 . . .16,8^3 _ .  .  166 90  
2 7 NOT SPLIT 27.3694 9725.2570 17,424 17.424 153 9^ 
2. ^ 7 NOT SPLIT 21.9275 9725.2570 . 17.424. . 17,327 146 ^1 
Figure 66. Field data from corn weed control experiment; 'not split'means that each sub-plot 
received the same treatment (see Table 1). 
PLICATE MAIN  S U P -
PL HT PLOT 
3 1 1 
3 1 ? 
3 ? 1 
3 2 2 
3 3 1 
3 -5 7 
3 4 1 
3 4 2 
3 5 NOT SPLIT 
3 S NOT S PL IT 
3 6 NOT SPLIT  
3 6 NOT SPLIT 
3 7 NOT SPLIT 
3 7 NOT SPLIT 
4 1 1 
4 1 2 
4 2 1 
4 ? 2 
4 3 1 
4 3 2 
4 4 I 
4 4 2 
4 5 NOT SPLIT 
4 5 NOT SPL IT 
4 6 NOT SPLIT 
4 6 NOT SPL IT 
4 7 NOT SPLIT 
4 7 NOT SPLIT 
WFFn w^ir.MT 
(LB. 0 M/A C, ) 
46.4 1SC 
? 5 . I ? A 6 
P.00?7  
27 .20Q^  
94 .2794  
6.0921 
0.0000 
4 .00]4  
0.0000 
2 .0407  
0.0000 
2.5600 
9 .1211  
22.P47A 
1.O?07 
134. 92  63  
34.8^20  
5 .7620  
7 .6A26  
89 .3106  
64 .0720  
0.0000 
. 1.9107 _ 
0 .  6402  
. 0.0000 
8 . 1 6 2 8  
_4 .4815  _ 
Figure 66. 
rHrrK "i riy ifiiTiM. 
W F F n  W F I O M T  S T / i M n / A r ,  
(LP, OM/AC.) (X 1000) 
r TM AI 
<TAND/AC. 
f  y  m o o t  
Y T I n f T 
] 'F •.< r 
( ^U. /T. , 
704 n. 1 2=^0 17. 6 1 A 1 7. ? 7-0 1^7. {. L 
7 0 / .  12^0 17, •^14 ^ 7. 2^(0 1^2. 0 P 
60IO. 5150  17, 6 1 R 1 7 , ] 14 14  2. A1 
6O'(0. 5150  1 «. 5 1 H . 9-.^  1 '•* ^  . f. I 
7157. 05A0 16 , 1 66 16. P fj.-X 1 6. 
7159 . 0 5 4 0 IP . 10 2 1 7 . Air 1/'?. rr r 
5734 .  o?50  1 e .  005 1 7. 714 I  6P . 1 A 
5734. QTc;r) 18, 10?  ' ^ , -3-2 •(AC. r C 
723;. 03-30 16, 4<6 1 6, 0  f-c 1 7  . P P 
723^.. 03'^0 16. P47 A,  ^  c; 0  1 , •3 c 
6106 .  41  40  IP , 00 1 7. A 1 A i^c. po 
6106 .  41 4 0 1 7 OA . c 0  c. 1 A 0 . A A 
961 1 . 01  40  17. 017  1 7. 210  164 .  C 9 
3611. n] 40 16 .  040 16 , A50  
O206 .  67^0 17, 908 1 7, 71  L. 1 ^ 2 , OC 
9 206 .  6750 16 , 040 1 6. y L-t l^c. C 1 
80^2. «550 18 .  199 1 7 . OOP 176 .  "0 
80"?. 8^^0 ,  17 ,  4?4 16. ASA 1 <^ -4, 1 Q 
9376. 6560 17. 1  ^ 4 16 . A 6.9 1 40. P6 
9176 .  6560 17, 017 1 6 . 456  112 .  OQ 
7310. 98P0 17. con 3 7. 7 14 14 3. 97 
731 0. qppo 17, 134 16 . 746  160. D 
7791. 1570 1 5, 391  1 5 . 7 7 p. 1=0 .  60 
7791. 1520 . 18. ?q 2 18. qqf. 124 .  : 6 
6855 . 6320 17. 90A 17, 7 1 12P. 02 
6855. 6320 . .  16 .  746  l-^. 682 10 
6408 .  4370 17. 424  17. ] 166. 5 3 
64 08. 4370 ... 15, 875 15 . 972  172. 72 
(Continued) 
.  rCATE MAIN SUR- WEED WEIGHT CHEr K i^LHT T MITIAL FT MAL V T -L n A 
PLOT PLHT WEED wcInWT ST AMD/^C. STAND/AT. 1  r  ^  c  V 
(LR. DM/AC.) { L 8. n / A r. ) {X 1000) (X 1000) ( ^n. / A r 
5 1 1 3.2011 6436 .  60^=0  18.10? 1 P.77a 1A ? ' 2 
5 1 2 . 16.4856 64^6 .6050  16 .443  _ 16 .060  1 c p C L 
5 2 1 1 . 2804 796^ : .  01  l-^. 1^56 ]  6 .  1  41  U c 
5 ? 2 6 .16  2  9  7Q6-8 .01 50 17.•'27 17 .230  1^0 
5 -et I 34 .  89 20" 11146 .2200  16 .  5 ' ^3  l " ?  .1 3 / .  1 c; p -3 
5 ? 2 13.8454 111^6.2200 18.6^2 1  °  .  6 8  2 1 c 1 PC 
5 U 1 7.6826 044^ ,3^00 16 .35n  1 6 . 6 0 16 1 "'O 
5 U 2 19 .0465  Q44'^. 3530 
.  17 .424  _ 16 .  6=^0  1^^ =={•> 
5 c NOT SPLIT 0 .0000  372? .0770  17 .114  16,55^ 1 A 7 06 
5 5 NOT SPLIT 0.0000 3722 .0770 .  16 .650  ] 6 .746  1^1 0.7 
5 6 NOT SPLIT 1.2804 7952.°640 18. 102 IP .4PQ 1 " ^7  ^2 
5 A MOT SPLIT 2 .5609  7952 .0640  19.650 18 .c-7-5 i c ; ^ .  
5 7 NOT SPLIT  12 .0041  571?.19^0 16 .262  16.^59 1 t; p P P 
5 7 NOT SPLIT  8.1628 5712.1950 .  16 .359  _ 15.875 1 OA 
Figure 66. (Continued) 
I 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
MAIN SUB­ WEED WEIGHT CHECK PLOT INITIAL FINAL YIELD AT 
PLOT PLOT WEED WEIGHT STAND/AC. STAND/AC. 13.0? MC 
(LB. DM/AC.) (LB. OM/&C.) (X 1000) (X 1000) {3U./AC.) 
1 1 8.9631 8163.6010 72.600 65.340 43.61 
1 2 22 .5677  8163.6010 71.148 65.340 39 .89  
2 1 279 .2956  8156.0780 69 .696  60.984 43.49 
2 2 39.2134 8156.0780 68 .244  59.532 45. 14 
3 1 1 «7606 6197 .4840  72.600 58 .080  45.02 
3 2 0,6402 6197.4840 74.052 66.792 42 .  80  
4 1 3.0410 8809.7420 74 .052  66 .792  45.56 
4 2 1.7606 8809.7420 72.600 66.792 41.66 
5 NOT SPLIT 0.0000 7490.0890 71.148 62.436 39. 12 
5 NOT SPLIT 0.0000 7490.0890 72.600 65.340 39 .55  
6 NOT SPLIT 16.0055 5796.3860 75.504 71 .148  40.74 
6 NOT SPLIT 0.0000 5796.3860 72 .600  74.052 39.86 
7 NOT SPLIT 126.6034 5043.6520 74.052 68.244 40 .48  
7 NOT SPLIT 34.4118 5043.6520 72 .600  69 .244  40 .48  
1 1 470.5612 4114.2100 74.052 65.340 39.95 
1 2 5.7620 4114.2100 68 .244  68 .244  37.79 
2 1 10.4036 6100 .3280  76 .956  72 .600  44. 16 
2 2 16 .6457  6100.3280 76.956 71.148 40.2 6 
3 I 3.521? 4772.3550 76.956 69,696 47 .21  
3 2 2 .2408  4772.3550 71.148 62 .436  41.66 
4 1 1.1204 5463.4760 75.504 68 .244  38.67 
4 2 0.6402 5463.4760 74.05? 63 .888  36. 13 
5 NOT SPLIT 0.0000 8358 .5460  71.143 68.244 40 .22  
5 NOT SPLIT 0.0000 8353 .5460  72.600 60 .984  38.59 
6 NOT SPLIT 2 .2408  5378.3240 72 .600  72 .600  38.59 
6 NOT SPLIT 64 .3421  5378.3240 69 .696  62 .436  37.12 
7 NOT SPLIT 2 .2408  2528 .2270  74 .052  68 .244  39.15 
7 NOT SPLIT 0.0000 2529 .2270  71 .148  72 .600  35 .68  
Field data from soybean weed control experiment; 'not split' means that each sub­
plot received the same treatment (see Table 1). 
REPLICATE MAIN SUB- WEED WEIGHT 
PLOT PLOT 
(LB. DM/AC.) 
3 1 1 3 .0410  
3 1 2 29 .4501  
3 2 1 17 .4460  
3 2 2 94 .8291  
3 3 1 327.3122 
3 3 2 95.7128 
3 4 1 6 .0821  
3 4 2 18.0862 
3 5 NOT SPLIT 0 .0000  
3 5 NOT SPLIT 0 .0000  
3 6 NOT SPLIT 0 .0000  
3 6 NOT SPLIT 2 .4008  
3 7 NOT SPLIT 15.0452 
3 7 NOT SPLIT 1 .2804  
4 1 1 33.2914 
4 1 2 37.6129 
4 2 1 0 .0000  
4 2 2 0 .0000  
4 3 1 0.0000 
4 3 2 33.2914 
4 4 1 C.OOOO 
4 4 2 0.0000 
4 5 NOT SPLIT 0.0000 
4 5 NOT SPLIT 0.0000 
4 6 NOT SPLIT 0.0000 
4 6 NOT SPLIT  0.0000 
4 7 NOT SPLIT 0 .0000  
4 7 NOT SPLIT 0 .0000  
Figure 67. 
CHECK PLOT 
WEED WEIGHT 
(LB, DM/AC.) 
4033.3840 
4033.3840 
237P.0560  
2379.0560 
8728 .5930 
8728.5930 
2760 .6270  
2760 .6270  
3560.1010 
3560.1010 
2656 .7510  
2656.7510 
3963.4400 
3963.4400 
4485.3590 
4485 .9590  
3644.2900 
3644,2900 
5668 .6640  
5668.6640 
4789,1600 
4789.1600 
2966 .9370  
2966.9370 
3543.2960 
3543.2960 
5120.1520 
5120.1520 
INITIAL 
STAND/AC. 
(X  1000 )  
71.148 
81 .312  
72.600 
72.600 
79.860  
81 .312  
68 .244  
65.340 
72 .600  
62.436 
79.860 
71.148 
74.052 
75 .504  
75.504 
78.408 
78.408 
76.956 
66 .792  
72 .600  
72.600 
74.052 
71.148 
69.696 
71,148 
71.148 
75.504 
78.408 
FINAL 
STAND/AC.  
(X 1000) 
6 9.696 
71.148 
65.340 
68.244 
66 .792  
68 .244  
65.340 
60.984 
62 .436  
62.436 
74 .052  
72 .600  
74.052 
69.696 
66.792 
75.504 
75 .504  
69,696 
68 .244  
72.600 
66.792 
65.340 
63 .888  
60.984 
69,696 
69,696 
68.244 
66.792 
YIELD AT 
13.0% MC 
(AU./AC.) 
38 .61  
42 .05  
37.18 
32.98 
43 .13  
46 .70  
39. 77 
42 .46  
39. 17 
37. 09 
37 .24  
34 .  62  
39. 17 
36 .62  
38 .91  
44,5 7 
30.53 
39 .67  
44.36 
42 .50  
40 .82  
38.cn 
30. 84  
37.93 
38.33 
46, 14 
39.42 
37.74 
(Continued) 
REPLICATE MAIN SUB- WEED WEIGHT 
PLOT PLOT 
(LB. DM/AC.) 
5 1 1 0 . 0 0 0 0  
5 1 2 47.3763 
5 2 1 8.9631 
5 2 2 1 6 . 4 8 5 6  
5 3 1 1 . 4 4 0 5  
5 3 2 90,5911 
5 4 1 4.1614 
5 4  2 9.6033 
5 5 NOT SPLIT 0 . 0 0 0 0  
5 5 NOT SPLIT 0 . 0 0 0 0  
5 6 NOT SPLIT 0 . 0 0 0 0  
5 6 NOT SPLIT 0 . 0 0 0 0  
5 7 NOT SPLIT 0 . 0 0 0 0  
5 7 NOT S P L I T  0 . 0 0 0 0  
Figure 67. 
CHECK PLOT INITIAL 
WEED WEIGHT STAND/AC 
(LB. OM/AC.) (X 1000) 
FINAL 
STAND/AC. 
(X 1000) 
YIELD AT 
13.0% MC 
(BU./AC.) 
4 4 8 7 .  1400 7 5 .  504 65.340 3 4 .  69 
4 4 8 7 .  1400 7 8 .  408 63.888 3 5 .  84 
2 0 4 6 .  3020 72. 600 65.340 3 7 .  14 
2 0 4 6 .  3020 7 1 .  148 7 2 . 6 0 0  38. 6 5  
4926. 8080 75. 5 0 4  59.532 3 5 .  97 
4926. 8080 76. 956 55.176 39. 43 
5 7 0 7 .  5580 7 8 .  408 6 5 . 3 4 0  38. 86 
5707. 5580 7 5 .  5 0 4  6 5 . 3 4 0  4 2 .  87 
3328. 6620 63. 888 74.052 35. 00 
3 3 2 8 .  662 0 7 2 .  600 62.436 4 2 .  13 
7362. 3590 74. 0 5 2  6 5 . 3 4 0  3 4 .  73 
7 3 4 2 .  3590 68. 244 62.436 31. 46 
4 1 8 2 .  7140 7 1 .  148 60.984 39. 05 
4 1 8 2 .  7140 6 9 .  696 71.148 39. 2 9  
(Continued) 
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APPENDIX C 
Weed Species 
The following are the weed species found in the corn and soybean 
plots. 
Barnyard grass (Echinochloa crus galli) 
Black nightshade (Solanum nigrum) 
Cocklebur (Xanthium commune) 
Common mustard (Brassica arvensis) 
Green foxtail (Setaria viridis) 
Lady's thumb smartweed (Polygonum persicaria) 
Lamb's quarter (Chenopodium album) 
Milkweed (Asclepias syriaca) 
Pennsylvania smartweed (Polygonum Pensylvanicum) 
Pigweed (Amaranthus retroflexus and other spp.) 
Purslane (Portulaca oleraceae) 
Shoofly (Hibiscus trionum) 
Small ragweed (Ambrosia artemisiifolia) 
Sorrell (Oxalis stricta) 
Upright spurge (Euphorbia preslii) 
Wild sunflower (Helianthus annuus) 
Yellow foxtail (Setaria glauca) 
Yellow nut sedge (Cyperus çsculentus) 
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APPENDIX D 
Regression Analysis Summary 
Table 21. Regression analysis of thermal injury data for corn and soybeans 
Data grouping Regression Residual 
SS DF SS DF 
Beans Run I 
Beans Run II 
Beans Run III 
Beans pooled 
Corn Run I 
Corn Run II 
Corn Run III 
Corn pooled 
3.5963* 
3.5583* 
10.0505 
8.2308 
31.5056 
31.2679 
45.0915 
42.9236 
12.1289 
11.9966 
9.6127 
8.4754 
9.7261 
9.6370 
30.8969 
28.1600 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
2.0353 
2.0733 
2.6811 
5.0507 
8.9986 
9.2363 
15.3883 
17.5563 
2.5079 
2.6403 
2.2156 
3.3529 
1.4270 
1.5170 
8.3100 
11.0470 
8 
9 
20 
2 1  
98 
99 
134 
135 
28 
29 
32 
33 
32 
33 
100 
101 
*Denotes significance at the 5 percent level; the remainder of the 
regression sums of squares were significant at or below the 1 percent 
level. 
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APPENDIX E 
Corn Survival Matrix 
P .  ( 0 E 3 ,  F )  2 0 0  2 5 0  3 3 0  3 5 0  4 0 0  4  5 0  5  0 0  5 5 0  6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  8 5 0  9 0 0  0 5 0  1 0 0 0  
( S E C . »  
0 . 1  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  9 9  0 0  9 9  9 7  
0 . 2  1 0 0  t o o  1 0 0  1 0 0  " 1 0 0  1 0 0  1 0 0  9 9  9 9  9 8  9 6  9 5  9 2  P 9  A 5  7 9  
0 . 3  1 0 0  1 0 0  1 0 0  1 0 0  9 9  9 9  9 8  9 7  9 6  9 5  9 2 "  8 9  8 5  7 R  7 0  5 7  4 0  
0 . 4  1 0 0  1 0 0  9 9  9 8  9 7  9 6  0 4  9 2  8 9  8 4  7 8  6 9  5 6  3 R  1 4  0  
0 . 5  9 9  9 9  9 ;  9 8  9 7  9 5  9 3  9 0  8 6  8 1  7 3  6 2  4 7  2 5  0  0  0  
0 . 6  9 9  9 8  9 8  9 6  9 5  9  2  8 9  R 5  7 9  7 0  5 8  4 2  1 9  0  0  •  0  0  
0 . 7  9 8  9 8  9 6  9 5  ^  9 2  5 9  8 5  7 9  7 0  5 8  4 1  1 8  0  0  0  0  0  
0 . 8  9 8  9 7  9 5  9 3  9 0  6 5  3 0  7 1  6 0  4 4  2 1  0  0  0  0  0  0  
0 . 9  9 7  9 5  9 ?  9 1  8 7  8 1  7 4  6 3  4 8  2 8  0  0  0  0  0  0  0  
1 . 0  9 6  9 4  9 2  3 8  :  8 3  7 7  6 7  5 4  3 6  1 1  0  0  0  0  0  0  c  
1 . 1  9 5  9 3  9 0  3 6  i  8 0  12 6 0  4 5  2 3  0  0  0  0  0  0  0  0  
1 . 2  9 4  9 2  8 8  8 3  7 6  6 7  5 3  3 5  9  0  0  0  0  0  0  0  0  
1 . 3  9 3  9 0  8 6  9 0  i 7 2  6 1  4 6  2 4  0  0  0  0  0  0  0  0  0  
1 . 4  9 2  8 9  " 4  7 8  6 9  5 6  3 8  1 4  0  0  0  0  0  0  0  0  0  
1 . 5  9 1  8 7  A 2  7 5  6 5  5 0  3 1  3  0  0  0  0  0  0  0  0  0  
1 . 6  9 0  8 6  8 0  7 2  6 1  4 5  2 3  0  0  0  0  0  0  0  0  0  0  
1 , 7  8 9  8 4  7 3  6 Q  5 7  3 9  1 5  0  0  0  0  0  0  0  0  0  0  
U S  8 8  8 3  7 6  6 6  5 3  3 4  7  0  0  0  0  0  0  0  0  0  0  
1 . 9  8 7  8 1  7 4  6 3  4 9  2 8  0  0  0  0  0  0  0  0  0  0  0  
2 . 0  3 6  8 0  6 1  4 5  2 3  0  0  0  0  0  0  0  0  0  n  n  
Figure oS. Survival matrix from which Figure 56 was drawn. 
200 
APPENDIX F 
Enlarged Drawings o£ Laboratory Apparatus 
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PLAN 
l''i)i,urc 69. Kulargement, ol: view a in Figure 28. 
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Figure 70. linl?irgeiiienL of view b in Figure 28. 
775" 
535" 
SIDE VIEW 
KJ) 
o 
Figure 71. Enlargement of view c in Figure 28. 
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Figure 72. 
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SECTION "AA" 
Enlargement of view d in Figure 28. 
